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The Freezing Point of Uranium 
By Andrew I. Dahl and Harold E. Cleaves 


The freezing temperature of uranium of 
with an optical pyrometer and found to be 1,133 


initial freezing temperature were lower than the foregoing values. 


about 99.99-percent purity was measured 
2° ©. Both the initial purity and the 


However, holding the 


metal at temperatures just above the melting point for several hours resulted in a decrease 


in the content of several impurities and an increase in the freezing temperature to a final 


constant value 


The freezing temperature was not greatly affected by the crucible material, similar 


values being obtained in bervlilia, thoria, and graphite crucibles 


I. Introduction 

Concurrent with the great increase of interest 
in the metal, uranium, brought about by the role 
of this metal in the field of atomic energy, there 
has been an initiation of investigations to obtain 
more accurate values of certain physical proper- 
ties of the element. Previously, the metal was of 
little practical importance and was not available 
in a state of sufficient purity to give a positive 
significance to the results of determinations of 
many of its physical properties. Only a few of 
the physical constants of uranium were listed in 
tables published before 1943, and those listed 
were highly discordant. As a result of the atemie 
energy program conducted by the Manhattan 
District, Corps of Engineers, United States Army, 
there became available a quantity of uranium of 
relatively high purity. This paper describes the 
work on the freezing point of uranium done at 
the National Bureau of Standards for the Man- 
hattan Project. 


II. Previous Work 


A survey of various tables and handbooks pub- 
lished before 1943 shows the freezing point of 
uranium is listed as <.1,850° C [1],! 1,860° C [2], 
2,400° C [3], and 3,600° C (computed on the basis 
of the position formerly assigned to uranium in 
the periodic system) [4]. Information regarding 
the method of arriving at the values quoted is 


' Figures in brackets indicate the literature references at the end of this 


paper, 
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generally lacking. W. Mellor [5] cited values 
of 1,300° to 1,400° C, 1,600° and 1,850° C and 
made the statement “uranium melts less easily 
than platinum, chromium, and molybdenum but 
more easily than tungsten and vanadium”. Driggs 
and Lillendahl [6] reported observed values of 
1,688° and 1,690° C. Fisher and Rideal [7] re- 
ported 1,300° to 1,400° C. In 1941 W. F. Roeser 
[S] observed 1,075° and 1,100 


of impure uranium melted in vacuum. 


C for two samples 


The large spread in values reported for the melt- 
ing point of uranium probably may be explained 
by the fact that a casing or crust is formed on the 
surface of uranium when it is heated in the pres- 
ence of certain gases. This casing encloses the 
molten metal until temperatures far above the 
melting point of uranium are reached. For ex- 
ample, in some experiments at this Bureau, a 
specimen of uranium did not melt down when 
heated to about 1,800° C in a furnace evacuated 
to about 3 mm of mercury, whereas other speci- 
mens cut from the same ingot melted below 1,200° 
C when heated in a furnace evacuated to a few 
The flat surfaces of the first 
specimen became convex during heating, which 


microns pressure. 


indicates that the casing was sufficiently plastic 
to distort at the higher temperatures reached but, 
nevertheless, it was not ruptured by the head 
pressure of the molten metal. Obviously, the 
melting point of uranium may be much lower 
than the temperature at which the molten metal 


breaks through the casing. 
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The melting or freezing of a pure or nearly pure 
metal is accompanied by the absorption or evolu- 
tion of its latent heat of fusion. During the change 
of state the temperature remains essentially con- 
stant. Thus, the heating or cooling curves of the 


metal will indieate the true melting or freezing 


point 
III. Present Work 
1. Materials 
Three samples of uranium designated as .4,, «lo, 


and #B were used in the present work. Samples 


A, and AA, 


sumple B was cut from a cast ingot 


were cut from the same extruded rod, 
The initial 
purity of samples .4, and .4, was about 99.94 
percent, that of sample 2 was about 99.96 percent 


Carbon and iron were the major impurities 


2. Experimental Procedure 


The so-ealled crucible method was followed in 
the freezing-point determinations. In this meth- 
od a hollow enclosure, or black body, is immersed 
ina bath of the metal, and observations on the 
radiation from the black body are made with an 
optical pyrometer during the time the metal is 
The uranium was melted in a_high- 
This type of heat- 


freezing 
frequency induction furnace 
ing provides stirring and consequently a high 
degree of temperature uniformity throughout the 
molten sample and minimizes the probability of 
contamination of the sample by the furnace 
elements. 

Each of the uranium samples was melted in a 
sample <1, in beryllia, sample 
All of the 
The 
bervilia and thoria crucibles were prepared by the 
general method described by Swanger and Cald- 
well [9] 


were made by machining 


different refractory 
A, in graphite, and sample / in thoria 


crucibles were identical in size and shape. 


The graphite crucible and accessory parts 
In each case the sight 
tube and the powdered material at the bottom of 
the tube were made of the same material as the 
crucible 

The uranium ingots, about 380 ¢ in weight, 
were formed to the desired shape by hot forging. 
An axial hole was drilled in each ingot to accom- 
modate the sight tube. Each sample was placed 
in its crucible and mounted in a larger porcelain 
container, as shown in figure 1. 
the samples contained in the beryllia and the 


graphite crucibles, lampblack was used as thermal 
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In the case of 





containing 


assembly 


insulation. The crucible 
sample .1, was heated in an Arsem furnace evacu- 
C to 


eliminate volatile products from the carbon insula- 


ated to about 2 mm for 16 hr at about 1,000 
tion. Thoria powder was used as insulation for 
the sample in the thoria crucible. The assembly 
shown in figure 1 was placed inside a Pyrex glass 
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Figure | Cr 


enclosure, shown in figure 2. The tube was 
closed at the top with a pyrex window sealed to 
The Pyrex 


tube fitted closely inside the water-cooled coils of 


the tube with propylene phthalate. 


the induction furnace. 

Since uranium oxidizes rapidly even at moderat: 
temperatures, the metal must be melted either in 
an inert atmosphere or in vacuum. Previously 
melting uranium in vacuum had been found t 
produce an evolution of volatile material that 
deposited on the window and interfered with 
temperature measurements with an optical pyrom 
eter. Use of an inert gas at atmospheric pres 
sure would be expected to minimize this inte! 
Purified 


protective atmosphere in the present work. 


ference. helium was selected as th 


The optical pyrometer used has been previous!) 
deseribed by Fairchild and Hoover [10]. It wa 
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fitted with a 45-deg totally reflecting prism for 


sighting vertically into the black body. The 
current-temperature relation of the pyrometer 
lamp was obtained by a calibration method based 
on the definition of the International Temperature 
Seale? The identical prism and window employed 
in the freezing-point determinations were used in 
the calibration. 

The Pyrex enclosure was flushed out with helium 
for about 2 hr before heating of the sample was 
started, and a helium atmosphere was maintained 
during the actual heating. <A freezing-point 
observation consisted in heating the metal to a 
temperature about 50 deg C above its melting 
point and then allowing the sample to cool slowly. 
Observations were made during the time the metal 
was freezing, as indicated by the halt in the cooling 
process. The average number of pyrometer read- 
ings obtained during one freeze was seven. The 
uranium samples exhibited no undercooling prior 
to solidification 

3. Results 


The initial freeze on uranium sample «A, indi- 
cated a freezing temperature of 1124.9° C. Sub- 
sequent freezes indicated a progressive rise in the 
freezing temperature, the fifth freeze indicating a 
Following the fifth 
freeze the sample was melted and maintained at a 


freezing point of 1126.8° C 


temperature about 50 deg C above the melting 
point for a period of 50 min. The next two freezes 
indicated a freezing temperature of 1128.0° CC, 
Thereafter the sample was held in the molten state 
lor periods of 1 to 5 hr between sets of freezing- 
point observations until the heating period totaled 


22 hr. A constant freezing-point limiting value 
Intl method, the mp current corresponding to the gold point (1,063> ¢ 
edt matching the brightness of a portion of the lamp filament 
th that of a black body in freezing gold Che apparatus used is similar to 
hown in figure but an inert atmosphere not required Phe calibra 
extended to higher temperatures by using a black body furnace and 
tating sector disk f known transmission [11 The temperature of the 
rhea vdijusted until its brightness, when viewed through a given rotating 
lisk, is equal to that of the black body at the gold point rhe tem 
ture the black body furnace, 7” K, may be calculated with suflicient 
racy using the following formula derived from Wien’s law 
In —_ ( 4 ; ) 
Ne , 2 
Vhere ¢ the fractional transmission of the sector disk; A. is the effective 
velength of the optical pyrometer in centimeters; and Ta, is the absolute 
mperature of the gold point he sector disk is then removed and the 
rrent increased to obtain a brightness match between pyrometer lamp and 
wk body furnace rhis current corresponds to the temperature, 7. By 
zing sector disks having different angular openings, the lamp current for 
us temperatures higher than the gold point may be determined and a 
mplete calibration obtained by interpolation, 
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of 1131.5° C for the freezing point was observed 
after about 15 hr of heating. In reckoning the 
total heating period, each set of freezing-point 
observations was regarded as the equivalent of 6 
min of heating in the molten state. The change 
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Figure 2. Crucible assembly in Pyrex enve lope 
A, Porcelain container with sample as shown in figure 1 


in the freezing temperature of uranium sample «A, 
with time of heating is shown graphically in figure 3. 

Observations of the freezing points of uranium 
samples A, and B also indicated a progressive rise 
in the freezing temperature with increase in the 
time the material was held in the molten state. 
A summary of the freezing-point observations on 
the three samples of uranium is given in table 1, 
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TABLE 1 Summary of freezing-point observations 
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Each of the temperature values in the above 
table for heating periods of 5 hr or greater is the 
mean of the value of three to five successive 
freezes The uncertainty in the temperature 
values, resulting from uncertainties in photometric 
matching and lamp calibration, is believed to be 
within +2 deg C 

The factors that cause inaccuracies In melting- 
and freezing-point determinations tend to produce 
low values; hence the highest value obtained in 


the three determinations, rounded to 1,133°+2° C 


is believed to best represent the freezing point of 


uranium 
IV. Discussion of Results 


Uranium samples A; and A), from the same 
source, exhibited a difference in freezing tempera- 
ture during the initial portion of the heating period 
but attained the same final value of 1,131.5° C 
This initial differ- 


ence may have resulted from the preliminary heat- 


after a 15-hr heating period 


ing for 16 hr in vaccuum, given sample A, but not 
A,. The higher initial purity of sample B may 
account for its initial freezing point being higher 


than that of sample 4). 
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Analysis of the ingots after the freezing tem- 


perature determinations showed a substantial in 
crease in the purity of the metal, to about 99.99 
percent for samples A; and PB and slightly less for 
sample A,. The content of some impurities, in 
cluding oxygen, remained about the same. lron 
was increased about 15 ppm. Some impurities 
notably carbon and nitrogen, were decreased in 
amount, some were completely eliminate. 


The outstanding decrease was in the carbon 
content, which was reduced from about 400 to 5 
ppm in ingot A, and from 150 to 7 ppm in ingot B 
The melting and freezing procedure resulted in a 
reduction of the carbon content of ingot A, from 
about 400 to 110 ppm for a sample representing 
the full cross section of the ingot, even though : 


graphite crucible was used. 

Metallographic examination of the ingots afte: 
the melting-point determination gave a qualitative 
confirmation of these low carbon contents and 
indicated the mechanism by which the carbon was 
eliminated from the body of the ingot. Ingots 
A, and B, melted in beryllia and thoria, respec- 
tively, were substantially free from carbide in 
clusions except for the extreme top where the 
carbide inclusions had concentrated, largely as a 
crust. Analysis of the crust showed a carbon 
content of 1,100 ppm. The section just below the 
crust contained 16 ppm of carbon. A few carbide 
inclusions that were observed embedded in the 
side wall of mgots A, and B probably account for 
the carbon contents of 5 and 7 ppm obtained or 
samples of these ingots. 

Ingot A, had a similar concentration of carbid: 
inclusions in the extreme top and the same freedon 
from carbide inclusions in the body of the ingot 
but differed from the other ingots in having 
considerable concentration of very fine carbid 
inclusions in the side wall. 

It is apparent that the elimination of carbo: 
from the body of the ingot was the result o 
agglomeration and migration of the carbide inel 
sions to the top of the ingots during the period 
that the metal was held quietly molten at ten 
peratures just above the freezing point. 

The analytical and metallographic data indicat 
that the increase in freezing temperature wil 
increase in the time during which the metal w 
held molten was the result of increase in the puri 


of the metal. 
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V. Summary 


1. The data obtained in this investigation in- 
dicate that the freezing temperature of uranium 
of about 99.99-pereent purity is 1,133°+2° C, 

2. The freezing temperature was not greatly 
affected by the crucible material, similar values 
for the freezing temperature being obtained in 
bervllia, thoria, and graphite crucibles. 

3. Holding the metal at temperatures just above 
the melting point for several hours resulted in a 
decrease in the content of several impurities, by 
volatilization and by migration to the top and 
side walls. This increase in the purity of the 
metal was accompanied by an increase in the 
freezing temperature to a final constant value, 


5° or 6° C above the initial freezing temperature. 
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Dissociation Constants of Weak Bases from 
Electromotive-Force Measurements of Solutions of 
Partially Hydrolyzed Salts 


By Roger G. Bates and Gladys D. Pinching 


\ method for the determination of dissociation constants of weak electrolytes by 
electromotive-force measurements of solutions of partially hydrolyzed salts of a weak acid 
and a weak base is described Although the precision is only half that of the conventional 
emf method, this procedure has particular advantage in determining the dissociation 
constants of certain bases, for some of the experimental difficulties encountered in adapting 
the usual method to solutions containing these bases can be overcome or reduced. The 
hydrogen-ion concentration of a solution of a salt of this type depends upon the constants of 
the weak acid, the weak base, and water. If two of these are known, the third can be 


evaluated by means of emf measurements without the necessity of knowing the exact 





hydrogen-ion concentration, which is usually difficult to obtain. Hvdrogen electrodes and 


silver-silver chloride electrodes are used in the cells, and the solutions are aqueous mixtures 


containing the ions of the salt and an alkali chloride. 


dissociation constants are developed 


basic dissociation constant of tris(hydroxymethylj)aminomethane at 20°, 


The equations for the calculation of 


The method was tested by a determination of the 


25°, and 30° C from 


three series of measurements: (a) by the conventional emf method; (b) by emf studies of the 


hydrolysis of mixtures of the amine and primary potassium phosphate: and (c) by emf 


studies of the hydrolysis of mixtures of the amine and potassium p-phenolsulfonate. The 


three determinations were in acceptable agreement. 


dissociation constant, pA), was found to be 


I. Introduction 


Although the experimental difficulties met in the 
study of most weak bases are not insurmountable, 
they have been in large part responsible for the 
failure of this important class of substances to 
receive the attention it deserves. The hydrogen- 
silver chloride cell, so useful in precise determina- 
tions of the dissociation constants of weak acids 
by the eleetromotive-foree method [1, 2, 3] ' can 
be successfully applied to a measurement of the 
constant of ammonia only under special condi- 
tions [4]. Thus, if equimolal mixtures of ammonia 
and ammonium chloride are to be investigated by 
this method, one must not only determine and 
apply corrections for the volatility of ammonia 

Figures in brackets indicat 


paper 


the literature references at the end of this 
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5.946 at 20°, 


The negative logarithm of the basic 


5.920 at 25°, and 5.896 at 30° C, 


and for the solubility of silver chloride but must 
retard the diffusion of silver to the hydrogen 
electrode as well. 

Replacement of the silver-silver chloride clec- 
trode by a type less susceptible to reaction with 
ammonia bases has been suggested [5, 6], but some 
sacrifice of reproducibility may be expected [7]. 
Furthermore, it is desirable in the interest. of 
consistency that dissociation constants of bases 
should relate to the same cell used extensively in 
studies of weak acids and in measuring the ioniza- 
tion constant of water. Nevertheless, the extra- 
polation to infinite dilution to obtain the thermo- 
dynamic constant of a monoacidic base entails a 
greater uncertainty than for a monobasic acid, 
where the activity-coefficient term is practically 
zero, or at worst a linear function of ionic strength. 
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It is well known that the pH of an aqueous 
solution of a salt of “two-sided weakness”’, that is, 
a salt formed by neutralization of a weak acid 
with a weak base, is fixed by the concentration 
and by the dissociation constants of the acid, the 
base, and water. These three constants are desig- 
nated by the symbols A,, A,, and Ay, respectively 
Unfortunately, the pH cannot be uniquely de- 
termined [S]. However, these dissociation con- 
stants can be expressed in terms of the measured 
electromotive force of galvanic cells composed of 
hydrogen and silver-silver chloride electrodes im- 
mersed in solutions of the weak salt with added 
chloride. The value of A,AY/A, can be obtained 
by a suitable extrapolation to zero concentration 
of salt ions. A knowledge of the hydrogen-ion 
concentration or activity is then unnecessary. 

The extent of hydrolysis of the salt depends upon 
the relative magnitudes of A, and A,/A, For 
best results, the acid and base should be of such 
strengths that at least 5 percent of each of the 
two salt ions is hydrolyzed, thus assuring an 
adequate buffer capacity Similarly, degrees of 


hydrolysis greater than 95 percent should be 


In general, this restriction means that 


KL/K 


uy oided 


log A, and log should differ by no 


more than 2 


This emf hvdrolysis method is often better 
suited to the determination of the dissociation 
constants of weak bases than is the conventional 
emf method The low buffer capacity near the 


ends of the pH-neutralization curve and the 
difficulty of evaluating the buffer ratio precisely 
in these regions usually restrict the application of 
the conventional method to solutions with buffer 
ratios between 0.2 and 5 Nevertheless, a low 
ratio of free base to salt is sometimes desired in 
order to minimize losses by volatilization and 
errors caused by the high solubility. of silver 
chloride in the cell solutions. If A, for the acid 
AY,, less than half of the 


base lon will usually be transformed into free base, 


selected is larger than A 


and these errors may be of little or no consequence 
Under these conditions the buffer ratio may depart 
widely from unity, but this disadvantage is offset 
by the double buffering action offered by the two 
Systems set up by the incomplete reaction of the 
buffer 


ratio need not be established with great aHecuracy 


salt ions with water Furthermore, the 
If the free base Is uncharged and the acid chosen 


Is a singly charged anion, the aAcuivily -cocfhicient 


520 


term is usually small and the extrapolation to zer 
salt concentration is easily effected. 

The solutions needed to determine the dissocia 
tion constant of a weak base by the emf-hydrolysi 
If the 


free base is a solid and is readily obtained in th 


method are usually not difficult to prepare 


pure state, it is weighed and combined in solution 
with an equivalent amount of the weak acid ane 
If the aci 


is not a solid, and if the weak base is most con 


the desired amount of alkali chloride 


veniently added in the form of its hydrochloride 
the solutions are made from equivalent amount 
of base hydrochloride and an alkali salt of the 
weak acid. 

The chief disadvantage of this method result 
from the dependence of the emf of the cell upor 
the geometric mean of two constants, that is upor 
VA, (AK, A), 


the usual emf method 


instead of upon AA, alone, as ir 
Consequently the precisiot 
of determining A, with the aid of known values 
of A, and A, is reduced by one-half 
Tris(hydroxymethyl)aminomethane was cheset 
for a comparison of the new procedure with the 
be ob 


tained as a pure solid readily soluble in water and 


This primary amine cat 


earlier method 
hot appreciably volatile It does not react with 
silver ion so extensively as to prohibit the use of the 
silver-silver chloride in equimolal mixtures of the 


amine and its hydrochloride Klectromotive-fores 


measurements were made at 20°, 25°, and 30° ¢ 
on solutions of partially hydrolyzed salts of this 
amine with primary phosphate ion (H,PO,~) and 
with p-phenolsulfonate ion (HOC,H,SO 


dissociation constant of the base was calculated 


The constant was also found by 

(1, 3). The thre 

determinations were in acceptable agreement. 
II. Description of the Method 


is known, eacl 


from the results 
the customary emf method 


If the standard potential, / 
emf measurement of the hydrogen-silver chlorid: 
cell vields a value of —log (fy fein), where m 
molality, f is the activity coefficient on the mola 
scale, and H designates the total hydrogen-io1 
species, hydrated or otherwise. This quantit 
has been called pwH for convenience and to sus 
gest its status as a practical unit of acidity su 
ceptible of exact definition [8]. The pwH 
calculated from the emf / by 

K—E°)F 


log (fufeam wt log mc. 
Of Walon 2 3026 R7 Of Mel 


pwll 
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where F, R, and 7 are respectively the faraday, 
gas constant, and temperature on the Kelvin 
scale. The values of E° and 2.3026 RT/F are 
summarized in another publication [4]. Thermo- 
dynamic dissociation constants are derived from 
experimental values of pwH by expression of my 
or fam, in terms of the constants that fix their 
values in the cell solutions, and extrapolation of 
a suitable function of the dissociation constants 
to zero concentration where the activity coeffi- 
cients become unity. 

Three equilibria are of significance in determin- 
ing the hydrogen-ion concentration in a solution 
of a salt of a weak acid anion, HA~, and weak 
monoacidie base, B22 These are the acidie disso- 


sociation of the weak acid, 


HA H,.O=H,0++A°; K, (2 


the basic dissociation of the weak base, 

B+ H.O=BH*+0OH-: K, (2b) 
and the ionization of water, 

2H.O— H,Ot+OH-: K, (2c) 


The equilibria among water and the salt ions 
BH and AW are expressed in terms of the three 


above: 


BH++ H.O0—B+H.0': K,,—K,/K,., 3a 

and 
A~+H,O=HA~+OH_; K,/K,. (3b) 
In terms of the Bronsted-Lowry theory of acids 
and bases (9, 10], eq 3a represents the acidic dis- 
sociation of BH 
B, and eq Sb represents the dissociation of the 


the conjugate acid of the base 


hydrated) anion A™ as a base. Evidently the 
extent to which the separate reactions 3a and 3b 
proceed to establish equilibrium Is largely depend- 
ent upon the acidic and basic strengths of BH 
and A~ in comparison with the amphiprotic 
solvent. If B is a rather strong base (and its 
conjugate acid BH* correspondingly weak), the 
hydrolysis of BH by eq Sa will proceed but 
slightly unless one of the produets, hydrogen ion 
or free base, is removed. Similarly, if HA is a 
stronger acid than is water, A~ will be a weak 


lhe equations can be derived in a similar manner for acids and bases of 


typ 
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base, and eq 3b will also show little tendency to 
take place. However, when both BH* and A* 


are part of the same aqueous system, the several 
acids and bases present interact, and hydrolysis 
is no longer dependent solely upon the acidie and 
basic properties of water. For example, BH* 
will be hydrolyzed to a larger extent in the pres- 
ence of A~ than by water alone, if AW is a stronger 
base than water. The acid strength of BH* has 
a similar influence upon the extent to which eq 3b 
proceeds. This behavior is quite adequately 
explained by eq 3a and 3b, for the concentrations 
of hvdronium and hydroxyl ions cannot be varied 
independently in the same solution. 

By combination of eq 3a with 3b, one can write 
the complete equation for the simultaneous 
hydrolysis of the ions BH* and A* 


BH*+ A>+2H,0 
B+ HA-+H,Ot+OH-; K?2/K.R). (4) 


It is clear that the two ions will not usually hy- 
droly ze to equal extents, for kK, and A, (and con- 
sequently the constants of eq 3a and 3b) will 
ordinarily be different. Hence, it is incorrect to 
apply the term “degree of hydrolysis” to a salt of 
a weak acid and a weak base. It should rather 
be applied to each of the salt ions individually. 
If A, and A, were indeed equal, and thus the 
degrees of hydrolysis of the individual ions as well, 
hydronium and hydroxyl ions would be produced 
in equal numbers upon dissolving the salt in water, 
as equilibrium 4 indicates; and the solution would 
remain neutral, or substantially so, at all concen- 
trations. The inequality of A, and A, not only 
causes the solution to be acidic or alkaline but 
also gives rise to a change of pH with concentra- 
tion [11]. 

In order to caleulate My or fain in a solution of 
this type, the fraction of BH hydrolyzed will be 
designated a, and the corresponding degree of 
hydrolysis of the acid anion AW will be ealled ay. 
Hence, from the mass-law expression for equilib- 


rium sa one can write 


, l—a Inu, 
—log K,, log huliy log + log 

a Ixy 

va 
and from eq 2a 
: a / 

log A log fytiy + log 2 Adee 

, l a = Oe 
5b 
§21 

















These equations, together with that for the water 
equilibrium, regulate the hydrogen-ion concentra- 
tion. By combination of eq 1, 5a, and 5b we 
obtain 
Ky t pk sg 
Ser log \A»A.—pwH 4 


ay( x / f lex . 
1/2 log — . +1/2 log" HA (6) 
a (1 & Inta 


As usual, pA log A. The analogy with the 
equations for the product of the constants for 
overlapping successive dissociation steps of poly- 


basic acids |12] is evident 


1. Calculation of the a Term 


From a consideration of eq 3a and 3b, the rela- 
tionship between a, and a can be derived. Hy- 
dronium ion and hvdroxyl ion are produced by 
these reactions in the molal amounts a,m and 
am, respectively, where m is again the stoichio- 
metric molality of each of the ions of the salt, 
usually not less than 0.01. By reaction with the 
other ion, either hydronium or hydroxyl is reduced 
to a negligible concentration. If the salt solution 


If acidic, 


Is neutral, a a 
ay OQ Wt) Wig. (4a) 


If alkaline, 


a a it) Mon. (7b) 


In the determination of basic dissociation con- 
stants, an acid of known dissociation is selected. 
Equation 5b can be converted to a form convenient 
for calculating a 


l—a : 
log ‘= pwH —p&,-4 ng (8) 
oo 1+ Ba*y u 


where .1 and £B are constants of the Debye- 
Hiickel theory [13], « is the ionic strength, and 
a* is an adjustable parameter whose value usually 
lies between 0 and 10. An average value, for 
example 4, suffices for the purpose. It is desirable 
that a) should not be much less than 0.1. Hence 
pwH should not be more than about 1 unit greater 
than pX, 

An approximate a, with which to evaluate the 
For the first 
approximation, the ionic strength of mixtures of 


ionic strength is obtained from eq 7. 


base, acid, and potassium chloride, each at mo- 
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lality m, is taken as 4m. Then a more accurate 
value is obtained by 


w= 4m — M(Baz+ a;)/24- (My + Moy) /2 = 4m(1 — ag/2) 
(Y) 


The simpler expression for w given in the last part 
of eq 9 is adequate when pwH is between 4 and 10 
With a from eq 8 and my or moy (depending upon 
whether the solution is acidic or alkaline) caleu- 
lated from pwH by 


» ] 
a uo 
log my pwll —" (10 
| Ba* Vu 
and 
log Mon pk, pw H, (11 


a, can be obtained by eq 7a or 7b, and the second 
term on the right of eq 6 can be evaluated. This 
term is quite small if a, exceeds 0.1 and the pH 
It is less than 0.0001 for 


equimolal mixtures of tris(hydroxymethyl)amino- 


lies between 4 and 10. 


methane and primary potassium phosphate at 20 
to 30° C when m is 0.01 or greater. For a corre- 
sponding mixture of the amine and potassium 
p-phenolsulfonate, it amounts to 0.0004 at m 
0.01. 

2. The Extrapolation 


If the Debye-Hiickel relation between ionic 
charge and activ itv coefficient were valid for these 
mixtures, the last term of eq 6 would be zero. The 
data presented in a later section indicate that this 
is not the case for equal molal mixtures of tris 
(hydroxymethylaminomethane, potassium dihy 
drogen phosphate (or potassium p-phenolsul 
fonate), and potassium chloride. 

The last term of eq 6 can be divided into two 
parts. The first, fan+fce:-/fs, pertains to the base 
and the second, tua fer Ja“, to the weak acid. It 
has been found that an activity-coefficient tern 
of the first type (where B is NH,) can be repr: 
sented satisfactorily by 

fan ler A VH 


sy log - + Bip, (12 
B 1+- Ba, yu 


where 8, is a second parameter [4]. Likewise, th 
term for the acid system can be expressed sim 
larly, as studies of the phosphate and phenolsu! 
fonate buffers [14, 15] have shown. 


fur fo A VE 


\. log’ + Bop. (1 


i t+ Bay yu 
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If a, and a, were equal, the last term of eq 6 would 
be a linear function of ionic strength. That it 
was not found to be so suggests that a, differs 
from a.” 

It is desired simply to find an empirical expres- 
sion that will reduce the last term of eq 6 toa 
linear function of ionic strength and hence facil- 
itate the extrapolation to zero concentration. 


From eq 12 and 13, 


AB(a,—ay) p 1 loo! B™ tus tin +g’ 


l + Ba, yu) (14- Bas yp) awe Mata 


AB(a,—d») ¥ 
(1+ Bayn)? sili 
where @ is (a,+ a,)/2, and 8’ is the slope of a plot 
of the left (or extreme right) side of eq 14 as a 
funetion of w. The approximate form (extreme 
right of eq 14) was found to vield a satisfactory 
straight line and was somewhat easier to compute 
than the exact left-hand term. The value of 8’ 
differs, of course, with the form of equation chosen. 
“Apparent” values of the mean of p&,, and 
pA, namely [(pA,,+pA,)/2]’, are therefore com- 
puted by eq 6 for various values of a, and a, with 
ionic strengths established as described in the 
foregoing section. These values are plotted as a 
function of uw, and the shape of the curve is exam- 
ined. If necessary, @ is varied until a straight 
line results. It is evident that a@,—a,. in the 
numerator of eq 14 can be adjusted to alter the 
slope of the extrapolation plot if desired without 
affecting its curvature, so long as @ remains un- 
changed. At zero ionic strength the activity- 
coefficient term is zero, and the intercept is the 
true mean of the thermodynamic constants, !» 
(pK,,+pK,). Inasmuch as pK,,=—pK,—pK,, 
and both K, and K,, are known, the basic constant 
is readily obtained. 


Ill. Experimental Procedures 


Purified tris(hydroxymethylaminomethane was 
obtained through the courtesy of Commercial 
Solvents Corporation. The commercial grade of 
amine had been decolorized and crystallized three 
times from a mixture of methanol and water. 


Actually a, for the ammonia system was found to be about 2 [4], and 
values of 4.4 and 8 for a) were found for phosphate and phenolsulfonate buffer 
solutions [14, 15]. However, it would be surprising if the parameters re 
nained unchanged in these solutions of partially hydrolyzed salts 

* Communication from John A. Riddick. 
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Two samples, titrated with a standard solution of 
hydrochloric acid, required amounts of acid 
equivalent to 100.02 percent of the base. A mix- 
ture of bromeresol green and alizarin red S was 
used as indicator for one sample (see footnote 4) 
and the sodium salt of methyl red for the other. 
Color standards, adjusted to pH 4.8, the theoreti- 
cal end-point in 0.05-\7 solution computed from 
the dissociation constant found by Glasstone and 
Schram [16], were used. The solubility of freshly 
precipitated silver chloride in two solutions of the 
amine was determined at room temperature. A 
0.1-\/ solution of the amine dissolved 0.0021 mole 
of silver chloride per liter, and a 0.1-\7 solution 
that was also 0.01 \/7 with respect to potassium 
chloride dissolved 0.0007 mole. Hence, the solu- 
bility of silver chloride is considerably less than 
in solutions of ammonia, and it is safe to conclude 
that no correction is necessary for the solubility 
in equimolal solutions of the amine and_ its 
hydrochloride. 

The potassium dihydrogen phosphate was 
NBS Standard Sample 186 I. Potassium p- 
phenolsulfonate was decolorized and then crystal- 
lized four times. The last crystallization was 
from freshly boiled conductivity water. The 
salt was dried at 90° to 110°C. The pH of the 
0.1-\f solutions was found by  glass-clectrode 
measurement to be about 5.1. This is close to 
the inflection point. The potassium chloride 
had been purified by treatment with chlorine, 
precipitation with gaseous hydrogen chloride, and 
fusion [17]. Hydrochloric acid was distilled and 
the middle fraction collected and diluted to about 
0.1 Mf. Five separate determinations of the con- 
centration of this standard solution by weighing 
silver chloride gave a mean deviation from the 
mean of less than 0.02 percent. 

For the mixtures of amine and weak acid, the 
cell vessels were of the type ordinarily used for 
studies of weak-acid systems [18], that is, with a 
single saturator and no stopcock between the 
electrode compartments. Those employed pre- 
viously in the investigation of ammonia solutions 
[4] were used for mixtures of amine and hydro- 
chloric acid. In view of the low volatility of the 
amine, however, the presaturator was not required. 
Air was removed from the solutions by passage of 
nitrogen before the final weighing. 
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IV. Results TABLE 2. Electromotive force of hydrogen-silver chlor 


celis containing solutions of tris hydroxymethyl amine 





The electromotive force of cells with hvdrogen methane (m,) and its hydrochloride (mz, 
electrodes and silver-silver chloride electrodes and 
containing equimolal mixtures of tris(hydroxy- Ek 
methyDaminomethane, potassium dihydrogen phos- . 
phate (or potassium p-phenolsulfonate), and potas- 
sium chloride is listed in table 1. The emf has 
been corrected in the usual manner to a partial 
pressure of 1 atm of hydrogen. Table 2 gives the OBsi4 0.77789 ‘ 
: by * o7T0u7 w4 > md 1 mS 
electromotive force of the same cell containing 15 ann TAM) s 7s 
aqueous mixtures of tris(hydroxymethyl)amino- - soneg - ue 
‘ - ‘5 2504 4 syle SOY 
methane and its hydrochloride These data were LA26N S158 41432 812K 
obtained in order that the constant of the amine eens ae sees . 
wrUTsS S25u S24 se 
might be evaluated by the earlier or “‘convention- ons? 668 R350) S344 
al’ method to furnish a test of the newer method es -_ ve we 
based upon emf studies of partially hydrolyzed 
salts 
7 j , oO. 0Neso UUs 0. 7473S 4474 
TABLI ] Electromotive orce of hydrogen-silver chloride O7o 172 Th pei) 
or mining ’ } Jaro. ymeth j amine O5US2 un alu 4 
, nar ! ’ pe , hloride each al i ‘ Tei $58 
= y24 4] S20] ~s 
El , , : 
data given in table 2 is also listed in the last col 
umn. The following equation was used: 
AMINE+POTASSIUM DIHYDROGEN PHOSPHATI log A’ log Ay,—8m,—pwH 
m 2Ayn 
Pores 0.7398 100s 0. T4189 log Vig 15 
y Inu oly 75124 m, 1+ Ba* ym, 
ny a4 T7678 IY 
. sy Ms TABLE 3 Values of 1/2 (pKa+t+pK,) and pK», deriv 
from three series of emf measurements 
\MINE+POTASSIUM p-PHENOLSULFONATI 
v pA +p pK 
~ war De) i it 2 
rv wT Sas | si 
' 5 S14 S174 " 
wel Ss “x 4 s Ww) 
O45s x44 4 SNES 
K HPO, 7175-40. OO0F 8. 2290-40. 0012 
KH Phenolsulfonate &. (630+. 0002 & 2210+. 0004 
He 8. 2214-4. 0009 - 
rie > . . . ~ 
Table 3 lists the mean of pA,, and pA, caleu- 
lated from the data in table 1 by the method de- 
scribed in earlier sections. The values of pA), 
’ val He — —_ - . ie 7” : — KHsPO, 7. 6370-40. 0004 &. 0760-0. 0000 
obtained from these two series of measurem: nits are 0h Soeacheaihoaen eames a mpegs 
listed in the last column. The values of pA, were HC) 8. 0766-4. 00 
taken as 7.213, 7.198, and 7.189 for primary 
phosphate ion at 20°, 25°, and 30° C, respectively 0 
(14, 18]; and 9.105, 9.053, and 9.005 for p-phenol- Fic 
. ; = ~ ry . K HePO, 7. 5622-0. 0008 7. 9355-0. 00 
sulfonate ion at the same temperatures [15]. The stn Stenahecibeaes = an aan : oh. one 
mean value of pA,, obtained by the earlier method HCl 7. 9391+. 001 


of Roberts [1] and Harned and Ehlers [3] from the 
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Fiaure 1. Determination of Ky, for tris(hydrorymethy!)- 


aminomethane at 20° C, 





Dots, hydrolysis of amine-phenolsulfonate mixtures; half-shaded circles, 
. amine-phosphate mixtures; open circles and marked circk 
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Figure 2. Determination of K up for tris(hydrorymethyl)- 
aminomethane at 25 ( - 
Dots, hydrolysis of amine-phenolsulfonate mixtures; half-shaded circles 
rolys f amine-phosphate mixtures; open circles and marked circles, 
HC] mixt 
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Figure 3. Determination of Ky, for tristh ydroxy methyl) - 
aminomethane at 30° C,. 


Dots, hydrolysis of amine-phenolsulfonate mixtures; half-shaded circles, 
rolysis of amine-phosphate mixtures; open circles and marked circles, 
ne-HC1] mixtures 
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Figures 1, 2, and 3 illustrate the change with 
value of PA nn, 
log A. as derived from the three series 


ionic strength of the apparent 
denoted 
circles 


of measurements. The open represent 


points computed from the first ten rows of table 2 
and the marked circles from the last five rows. 
The dots represent amine-phenolsulfonate mix- 
tures and the half-shaded circles mixtures of 
amine and potassium dihydrogen phosphate. A 
value of 1 for a* in eq 15 gave the lower lines of 
each figure. The phosphate points correspond to 
a,=3 and a,=5 in the right-hand term of eq 14, 
and the phenolsulfonate points were computed 
with a,=4 and a,=10. The apparent A,, was 


obtained by the following formula from the 
apparent values of the mean given by eq 6 with 
substitution of the right-hand member of eq 14 
for the activity -coefficient term: 

log A’=2[(pK,,+ pK,)/2]’—pR, 16) 

The agreement between the three determina- 
tions of pA, is satisfactory, in view of the de- 
pendence of the results furnished by the emf- 
hydrolysis method upon A, values from other 
independent investigations. This procedure gives 
promise of usefulness in other studies of basic 
dissociation. 

A summary of the average values of pA, and 
K,, and of pA, and A, is given in table 4. 
calculation of the basic constant, A, (which equals 
K,,/K»), PAK, was taken to be 14.167 at 20 
13.996 at 25°, and 13.833 at 30° C [19]. The 
log A, at 25° C (5.920) is to be compared 
with 5.97 found by Glasstone and Schram {16) 


For a 


value of 


from measurements with the glass electrode. 


TABLE 4 Summary of dissociation constants for tris- 
hydroxymethyl) aminomethane 
Temperature pW oa Wyax 10 phy Axl 
( 
y &. 22 6. 00 4 
» S OTE S40 120 1, 202 
0 7. 937 11. 58 sin 272 
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A Reduction-of-Area Gage for Use at Low Temperatures 
By Glenn W. Geil and Nesbit L. Carwile 


\ reduction-of-area gage for measuring the change in diameter of cylindrical or notched 
tension specimens during tests at controlled temperatures is described. The gage was designed 
especially for use in tests of specimens completely submerged in a temperature-controlled 
bath at temperatures ranging from —196° to + 100° C. The calibration of this gage showed 
that measurements can be made with an accuracy of 0.0001 inch. Some results obtained 
with the use of this gage are illustrated by true stress-true strain curves for annealed ingot 


iron, eold-worked nickel and cold-worked 18:8 chromium nickel steel tested in tension at 


ISS° and 196° ©, 


I. Introduction 


During the course of an investigation of the 


mechanical properties of metals at low and 


moderately elevated temperatures, it became 
evident that an instrument was needed that could 
be used to measure accurately the change in 
diameter of cylindrical specimens submerged in 
liquid baths during tension tests at various tem- 
peratures. The portion of the true stress-true 
strain curve from maximum load to fracture can- 
not be determined from extension measurements. 
Moreover, for some metals, an accurate deter- 
mination of the curve from yield to maximum load 
cannot be made from extension Measurements, as 
the metal may contract locally before reaching the 
maximum load. Simultaneous load and diam- 
eter measurements are essential for the determina- 
tion of the complete true stress-true strain curves 
for metals tested in tension, as pointed out by 
MacGregor.' 

Ordinary reduction of area gages cannot be 
used satisfactorily on specimens submerged in 
baths. The 


scribed by Seigle * for determining the change in 


liquid photographic method  de- 


diameter of a specimen submerged in a liquid bath 


during a tension test at low temperature was 


unsatisfactory at temperatures below 30° C. 


The reported accuracy of 0.0007 in. from the 


C. W. MacGregor, Proc. Am. Soc. Testing Mat. 40, 508 (1940 
L. Seigle, Effect of ferritic grain size on the true stress-strain tensik 
properties and notched impact strength of ingot iron at low temperatures, a 


th 
eS 


is presented to the graduate school, University of Pennsylvania (1048 


Reduction-of-Area Gage 


photographs obtained under the most favorable 


conditions is considered inadequate. It was 


deemed advisable to design a mechanical gage 
suitable for use in the temperature range of — 196 


to 100° C, 


II. Design of the Gage 


The reduction-of-area gage is shown in figure 1. 
The change in diameter of the test specimen during 
a tension test is followed by the movement of the 
sliding anvil, A, which is held against the specimen 
with slight pressure exerted by the tension spring, 
F. The movement of this anvil is transmitted to 
the spindle of the dial indicator by means of the 
simple lever, B. The pivot, or fulerum, of this 
lever is a knife edge located at position C (not 
visible in fig. 1). To maintain the lever in posi- 
tion, it is supported by the four flexure strips, 1). 
These thin strips are sufficiently flexible to permit 
rotation of the lever about the knife edge through 
an angle considerably greater than that required 
to follow the change in diameter of the test speci- 
men. The two guide bars, /, are adjusted to give 
a clearance of 0.01 in. to the lever, B, and serve 
to hold the lever in position and prevent any 
excessive twisting of the flexure strips while the 
instrument is not in use. A lubricated bearing, 
such as roller or ball bearings or a sleeve type 
bearing, could not be used as the fulerum for 
the lever as this portion of the instrument is sub- 
merged in the temperature-controlled liquid bath. 
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An enlarged view of the measuring anvils is 
shown in figure 2. The six ribs (two each on top 
and bottom and one on each side) on the sliding 
anvil serve as the bearing surfaces. To minimize 
the area of contact of the bearing surfaces, the 
ribs of the retainer caps, G, are at right angles 
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to the direction of movement of the anvil, A 
A clearance of 0.002 tn. 
the sliding anvil is sufficient to allow for unequal 


between these caps and 


contraction of the component parts on cooling to 
low temperatures 

The sliding anvil is attached to the lever arm 
with a small tension spring, /, to facilitate installa- 
tion of the gage on the tensile specimen whil 
immersed in the liquid bath. The anchor pin, 
K, for this spring also serves as a stop against thi 
retainer caps, @, to prevent the measuring edge of 
the sliding anvil hitting the contact edges of thi 
fixed anvils, 7/7, when the tensile specimen breaks 
Both ends of the sliding anvil and the contact ends 
of the fixed anvils were machined to a dihedral! 
angle of 50° and a radius of 0.02 in. This design 
provides for the free access of the measuring con 
tact edges of the anvils to the minimum diametet 
portion of the necked section of the tensile speci- 


men. 





Desiqn of the sliding and fired anvils of the 


Fiaure 2. 


reduction of area gage 


—- Part Material Remarks 

\ Sliding anvil SAE 52100 Hare ness of Re 68 
H Fixed anvils SAE 42100 Hardness of Re 63 
(1 Retainer caps Monel Cold rolled 

I Tension spring Phosphor bronze Cold drawn 

in Anchor pin Monel Cold rolled 


The contact edges of the anvils are co-plam 
With th 


arrangement, the movement of the sliding any 


and at an angle of 60° to each other. 
is 1.5 times the change in diameter of the t 
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specimen. The length of the lever arm between 
the pivot knife edge and the anvil knife edge is 
approximately 2.5 in.; the length of the lever arm 
between the pivot knife edge and the contact point 
of the dial indicator is approximately 5 in. Thus 
the total magnification of the instrument is 
approximately 3, or actually 2.985, by calibration. 

The dial indicator is a jeweled low-friction type 
indicator and is mounted on the framework so 
that it is adjustable. The choice of the dial 
indicator depends upon the ductility of the metal 
to be tested If the ductility is very low, a dial 
indicator with a small range of approximately 0.25 
in. and dial divisions to 0.0001 in. can be used. 
If the metal to be tested has high ductility, a dial 
indicator with a range of approximately I in. is 
required in order to follow the larger change in 
diameter of the specimen. 

The anvils are made of SAE 52100 steel, and 
the lever and pivot knife edge are made of AISI 
type 440C stainless steel, heat-treated for hardness 
values of Rockwell C63 and C55, respectively. 
The flexure strips and the tension springs are 
phosphor bronze. The framework of the instru- 
ment is constructed of cold-rolled Monel, which 
has suitable corrosion resistance and strength. A 
plastic shield, J, is used to insulate the dial indi- 
cator from the vapors of the temperature-controlled 
liquid baths, and it also serves as a convenient 
handle for manipulation of the instrument. 


III. Calibration of the Gage 


The gage was calibrated at room temperature 


to check the linearity of the dial readings with 
diameters. A series of six cylindrical test stand- 
ards, each machined with a circumferential groove 
of 0.03-in. radius, were measured with an optical 
comparator to an accuracy of 0.0001 in. The 
diameters of the standards ranged from 0.1484 
to 0.4864 in. The dial readings, obtained with 
the test standards, were plotted against the 
diameters of the test standards, and a_ linear 
relationship was obtained throughout the entire 
range. The slope of this line is equal to the 
magnification factor of the instrument and, as 
mentioned previously, is 2.985. The zero reading 
of the instrument, | is obtained by determining 
the dial reading at the intercept of this straight 
line with the zero diameter axis of the graph. 
The actual diameter, measurement J), for any 
reading is given by the following equation: 


Reduction-of-Area Gage 


D=(R,—R)/F, in which Ry represents the zero 
reading, R the actual dial reading, and F' the 
magnification factor for the instrument. The 
diameters obtained from the dial readings of this 
gage on the test standards were identical, to the 
nearest 0.0001 in., with the diameter measurements 
obtained with the optical comparator. 

The instrument was also calibrated under simu- 
lated test conditions to obtain the temperature 
correction curve. Test standards of fused quartz 
were used. The standard was placed in position 
in the gage and the diameter reading obtained at 
room temperature. The gage and specimen then 
were placed in the temperature-controlled liquid 
bath and submerged to the depth at which the 
gage is used during a tension test. Diameter 
readings were taken after temperature equilibrium 
was attained. The time to reach temperature 
equilibrium ranged from 10 to 15 min., and obser- 
vations for greater periods up to | hour showed no 
further changes in the diameter readings. Cali- 

100°, +27°, — 78°, 
Because of the very 


bration tests were made at 
120°, and 196° C 
small coefficient of thermal expansion of fused 
quartz, the change in diameter of the quartz 
test standard did not exceed 0.00003 in.  There- 
fore the changes in the dial readings were attrib- 
uted to dimensional changes in the instrument, 
Data showing the relation between temperature 
and the indicated correction to be applied to the 


> 


diameter measurement are shown in figure 3. 
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Ficure 3. Curve for the gage showing the relation between 


the diameter corrections and the temperature. 


The dial reading corrections are 2.985 times the diameter corrections 
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The change in the observed dial readings is 2.985 


times the correction (actual diameter values) 


shown in this figure 


IV. Applications of the Gage 


The manipulation of this gage to determine the 
change in diameter of an unnotched evlindrical 
specimen during a tension test at low or moderate- 
The 


test specimen supported vertically between the 


ly elevated temperatures is very simple. 


adapters of the tensile-testing machine is com- 
pletely submerged in the temperature-controlled 
liquid bath. The gage is placed in position on the 
specimen with the measuring anvils at any position 
along the gage length of the specimen, and a time 
interval of about 15 min. is allowed for the gage to 
The 


ment of the gage with respect to the specimen is 


come to temperature equilibrium aline- 


adjusted until a minimum diameter reading is 
obtained, indicating that the plane of the measur- 


specimen. While maintaining this alinement, th 
gage, supported by hand, is moved up and dow: 
through the gage length of the test specimen i 
find the diameter at the area of minimum cros 
section. Numerous simultaneous load and diame 
ter readings are made during the tension test. 

This gage also can be used for following the 
change in diameter of circumferentially notche: 
evlindrical specimens during test in tension at low 
or moderately elevated temperatures. For thi 
purpose a set of anvils is required in which the 
measuring edges are machined to an angle less thar 
the smallest notch angle of the test specimens 
The radius of the measuring edges of the anvils 
likewise must be less than the smallest radius at 
the root of the notch. 

An example of the use of this gage in following 
the change in diameter of a metal specimen that 
has very little ductility at low temperature is 


illustrated in figure 4. This figure summarizes the 




















ing anvils is perpendicular to the axis of the results obtained in a tension test at —196° C with 
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Ficure 4, True stress-strain curves for a specimen of annealed ingot iron tested in tension at --196° C. 
A, Complete true stress-true curve; B, portion of the true stress-true strain curve from yield to fracture on a more open stress scak Y, Yield stret 
0.2-4 {Tse irea); @, f 


Journal of Resear 














thy a cylindrical tensile specimen of annealed ingot 
Wi iron. The true stress is plotted against the true 
t strain. The true stress is the current load divided 
OSs by the current minimum cross-sectional area, and 
ne the true strain is the log,(Ao/A), in which Ay and 


A represent the initial and current minimum cross- 


he sectional areas, respectively. Curve A is’ the 
ed entire true stress-true strain curve for this speci- 
OW men. The portion of curve A extending from 
his yield to fracture is replotted on an expanded stress 
he scale as curve B. The maximum deviation of any 
an point from the curve corresponds to a change in 
ns diameter of the specimen of less than 0.0001 in. 
ils The bulge in the lower portion of curve B is 
at connected with a tendency to a drop of beam at 
vielding for the initially annealed ingot iron at this 
he temperature. 
ait An example of a complete true. stress-true 
is strain curve obtainable by the use of this instru- 
he ment in a tension test in which the metal retains 
th high ductility at low temperatures and contracts 


locally after reaching the maximum load is illus- 
This figure shows the results 
ISS° C with a 
cylindrical test specimen of nickel (99.4% Ni) that 
extending in 


trated in figure 5. 
obtained in a tension test at 


had received prior cold work by 
tension to a 25-percent reduction of area. 
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Figure 5. 
worked nickel tested in tension at —188° C, 


Tr ue stre ss-strain curve for a specimen of cold- 


Y:, upper yield; Y9, lower yield; @, maximum load, @, fracture 


Reduction-of-Area Gage 





Ay /A 





TRUE STRESS, 1000 PS! 














0.1 0.2 0.3 
STRAIN, LOGe Ag/A 


FiGuRre 6. Portion of the stress-strain curves for a specimen 


of cold-drawn (49° % reduction of area) 18:8 chromium- 


nickel steel, “EBM”, tested in tension at 196° C, 


Curve A, based on extension measurements; curve B, based on diameter 
measurements; D, minimum load, M, first maximum load, M’, final maxi 


mum load. 


The determination of true. stress-true strain 
curves in cases where local contraction occurs 
before the load reaches a final maximum value is 
also possible by the use of this instrument, as 
illustrated by the results given in figure 6. Por- 
tions of the curves from the points representing 
initial vielding to the final maximum load, as ob- 
tained by two different types of measurements 
during a tension test with a cold-worked 18:8 
chromium-nickel steel at —196° C, are shown in 
this figure. Curve .1 is based upon measurements 
of the extension of the specimen during the test 
as obtained from the automatic load-extension 
chart and on the assumption that the specimen 
remains cylindrical (no local contraction) with 
deformation to the final maximum load, repre- 
sented by the point 17’. The actual true stress- 
true strain curve determined from the change in 
diameter of the same specimen during the tension 
test as measured with this gage is shown as curve 


B. Curve B shows that the local contraction at 
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the minimum load, represented by point J) (true 
strain of approximately 0.12) corresponds to an 
actual reduction of area of approximately 11 per- 
cent whereas the curve .1 based on extension 
measurements, indicates an apparent true strain 
of about 0.04, corresponding to a reduction of 
area of approximately 4 percent. Thus curves 


A and B are not quantitatively similar 


V. Summary 


\ reduction-of-area gage was designed and con- 
structed for measuring the change in diameter of 


test specimens submerged in liquid baths during 
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tension tests at temperatures within the range of 
196° to 
has been very satisfactory, as indicated by the 


100°C. The performance of the gage 
test results shown for ingot iron, cold-worked 
nickel and 18:8 chromium-nickel steel 
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Mass Spectra of C;H,; Isomers 


By Fred L. Mohler, Evelyn G. Bloom, Laura Williamson, C. E. Wise, and E. J. Wells 


Mass spectra of ten C,H, isomers are described. These comprise spiropentane, methy- 


leneeyclobutane, cyclopentene, six dienes and 1-pentyne 


The mass spectrum of each of 


these compounds has distinctive characteristics, but these are not correlated with the 


molecular structure in an obvious manner. 


The ratio of total ionization to that of n-butane 


covers a small range of values from 0.96 to 1.09, and the same range of values is found in 


other C; hydrocarbons. The doubly charged 


pentadienes, with C;H,** the largest peak 


I. Introduction 


The Mass Spectrometry Section has obtained 
mass spectra of ten C,H, isomers as part of a 
systematic program of measuring mass spectra of 
pure hydrocarbons for inclusion in the API Catalog 
of Mass Spectral Data.' Spectra of these isomers 
have some interesting features in common, al- 
though they include compounds that differ greatly 
in their chemical properties. 

Mass spectra have been obtained on a 180° Con- 
solidated mass spectrometer using automatic elec- 
tron current control and automatic temperature 
control of the ionization chamber at 245° C. 
Standard procedures have been followed (see foot- 
note 1) in obtaining mass spectra, and spectra have 
been measured at both 50- and 70-v ionizing voltage. 
Data at TOV are quoted here Intensities are ex- 
pressed relative to the maximum peak in the 
spectrum taken as 100, and the sensitivity at the 
maximum peak (current per unit) pressure) is 
measured in arbitrary units. On the same day the 
sensitivity of n-butane at the mass 43 peak is 
measured, and the ratio of the two sensitivities 
affords a measure of sensitivity that is independent 
of the units used, 

We are indebted to the NACA Cleveland Labo- 
ratory for makine available to us the samples of 
the rare compounds, spiropentane and methyl- 
enecvelobutane. These were considered to be 


a 
og of Mass Spectral Data, American Petroleum Institute, Researc! 
t 44, National Bureau of Standards 


Mass Spectra of C,H. Isomers 


lon spectrum is very prominent in some 


about 99 percent pure, and no recognizable impuri- 
ties were found inthem.  1-Pentyne was made under 
the direction of Frank Howard in the fuel labora- 
tory of this Bureau and was estimated to be better 
than 99 percent pure. The NBS standard sam- 
ples are in general 99.9 percent pure or better. 


II. Experimental Results 


Table 1 lists the peak heights of some of the 
more distinctive mass peaks in these spectra. The 
last two rows give the sensitivity of the maximum 
peak relative to normal butane and the total 
ionization relative to n-butane. Figures 1 and 2 
are plots of the mass spectra, omitting peaks that 
are less than 2 percent of the maximum peak. 
Figure 1 includes the evelics and 1l-pentvne, 
whereas figure 2 gives the dienes except trans-1,3 
pentadiene, which is almost identical with e7s-1,3- 
pentadiene (table 1 In these spectra there are 
many ions that cannot be obtained by simple dis- 
sociation but require a rearrangement of atoms in 
the dissociation process, and these are marked by 
asterisks in table 1 and in the figures. 

All these compounds give CH,* peaks of the 
magnitude usually found in hydrocarbons, although 
four of them (peaks marked by asterisks) do not 
contain CH, radicals. These include the three 
evelics that give the smallest CH, peaks and also 
1 .4-pentadiene, which gives a relatively large peak. 

The complementary process to production of 
CH,* is the production of C,H,*+CH For 
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;URE Mass spectra of yclic CsHs isomers and 


I-pentyne 


mum peak height of 100 


of atoms for their production, 


nearly all hydrocarbons, ionization with loss of 


one carbon atom involves loss of at least three H 
atoms, and loss of CH, is most probable. This is 
true whether or not CH, radicals are contained in 
the molecule. There is some correlation in these 
molecules between the height of the CH,* peak 
and the C,H, peak; but C,H, is always fairly 
large, and C,H, 
cases where the terminal radicals are CH). 


is completely missing even in 


C’,H,* is always the largest peak in the C, group, 
and the height does not depend on whether or 
not this ion can be formed by simple dissociation. 
The peak is largest in 1,2-pentadiene and in 1-pen- 
tyne, which do not yield C,H,* by a single disso- 
ciation. By contrast, C,H,;* is correlated with 
the structure and is largest in 1l-pentyne and 
1,2-pentadiene, which contain ethyl radicals. 

The C, group of ions shows very distinctive 
differences. C,H ,* is the maximum peak in 1,4- 
pentadiene and the largest of the Cy ions in six 
other compounds. In all but one of these cases 
it requires multiple dissociation or rearrangement 
to obtain this ion. C,H,* is the maximum peak 
in methylenecyclobutane and a large peak in 
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spiropentane and l-pentyne. C;H,* is larger in 
the pentadienes than in the other compounds, and 
its height is roughly correlated with the comple- 
mentary peak C,H,*. Other ions of the C; group 
are not correlated with their complementary C 
ions. C,H;* is permitted only in 1l-pentyne and 
is observed in this case and is absent or very 
small in all the other molecules. 

The relative heights of C;H;* and C,H¥< 
also very distinctive for these isomers. In 
cases CH,* is the maximum peak in the spectrum 
It is quite unusual in hydrocarbons for ionization 
with loss of H to be the most probable ionization 
process, and in our experience propene and toluen 
are the only other hydrocarbons in which this is 
true. The molecule ion C;H,* is the maximum 
peak in two of the pentadienes 

All of these isomers have a metastable transi 
tion peak at mass 66 arising from the transition 
68° —>677+ 1 Loss of H in a metastable transi- 
tion is very rare and is evidently correlated with 
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Ordinates are peak heights relative to a maximum peak height of 


Dots indicate ions that involve a rearrangement of atoms for their product 
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Relative 


the relatively high intensity of both the 68 and 67 
Other 


these compounds are of types that recur in many 


peaks metastable transitions found in 
hydrocarbons.” 

Nine peaks at half integer intervals from mass 
0 to 34 come from doubly charged ions C 
C;H*t*, C,H,**, ete., to C,H,*+*. C,H.** is the 
maximum peak in the doubly charged spectrum, 
and the relative intensity of this peak is included 
in table 1. The value 8.21 for 1,2-pentadiene is 
the highest value ever reported for doubly charged 
ions in hydrocarbons at 70-v ionizing voltage. 
The intensity distribution in these doubly charged 
that all other C 
hydrocarbons, but the relative intensity Is greater 
in CH, and C H,. other C 
hydrocarbons, the C peak at 30 is completely 
masked by the heavy isotope of C,H 


spectra is similar to found in 


than isomers. In 


; but in most 
of these compounds the heavy isotope contribu- 
tion is less than 0.1 percent, and the reality of the 
c contribution (also about 0.19%) can be estab- 


lished. 


It is of interest that such an ion exists. 


F. L. Mohler, C «, and E. J 
1949) KR P20 
yhler, E. G. Bloom, } ells H 
ch NBS 42, 369 (1949) RP1975 


Wells, J. Research 


Lengel and C. E. Wise; 
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peak h ghts 


nm mass spectra of C He. zsomers 


of table 1 gives the 
pressure) at the 


the 


The next to the last row 


sensitivity Gon current per unit 
maximum peak relative to the sensitivity for 
mass 43 peak of n-butane. It covers a large range 
of values from 0.39 to 0.99 and is in general small 
when there are many large peaks, and large when 
Adding the height of all the peaks 


in the spectrum and multiplying by the sensitivity 


there are few. 


vives a number proportional to the total ionization. 
The total ionization relative to the total ionization 
of n-butane is a number that has a small range of 
values from 0.96 to 1.09, with a mean value of 1.03. 
For comparison, the three pentanes give values 
ranging from 0.99 to 1.17, mean 1.09, and the six 
pentanes have values 0.96 to 1.06, with a mean 
value of 1.02 


are much like other C; hydrocarbons in this respect 


It is interesting that C,H, isomers 


and all have roughly the same total ionization at 
Instrumental characteristics 


the 


constant pressure. 


may account for some of small variations 


observed. 


III. Conclusion 


This group of isomers is of interest because it 


comprises a wide variety of chemical classes. 


Spiropentane is a di-eyclic saturated compound. 
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There are two monoolefin evclies, SIX diolefins, and 
one acetylene 
spiropentane is very much like that of the acety- 
lene, l-pentyne, except for the large C,H,* peak in 
the latter compound There are no obvious 
similarities between compounds of the same 
chemical class. On the other hand there are 
several striking characteristics of the spectra as a 
group; notably the high probability of ionization 
with loss of one H atom, relatively large peaks at 
C,H;*, at C,;H;*, or C,;H,*, and at C.H;' It is 
evident that the mass spectrum depends markedly 
on the number of H atoms but not on the chemical 
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It happens that the spectrum of 





unsaturation of the compound. In the ionization 


and dissociation process there is isomerization 
which modifies the original molecular structure 
Somewhat similar generalizations can be mad 
concerning the C,H, butadienes and butynes.* 

Each compound of the group has distinetiv« 
characteristics in the mass spectrum to aid in its 
identification in chemical analysis. The relative 
height of the C;H,* and C,H,* peaks distinguishes 
many of the compounds. 


‘F. L. Mohler, J. Wash. Acad. Sci. 38, 193 (1948 


WasHInctron, July 25, 1949. 
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A Note on the Numerical Integration of Differential 


Equations’ 
By W. E. Milne’ 


An integration method for ordinary differential equations is developed, in which the 


approximation formulae contain derivatives of higher order than those contained in the 


differential equation itself. The method is particularly useful for linear differential equa 


tions. Numerical examples are given for Bessel’s differential equation. 


I. Introduction 


The object of this note is to present a method for 
the numerical integration of ordinary differential 
equations that appears to possess rather outstand- 
ing advantages when applied to certain types of 
equations. The equations to which the method 
most readily applies are those for which it is pos- 
sible to obtain, in comparatively simple form, 
expressions for two additional derivatives. That 


is, for an equation of n-th order 
ee) tt ai 


we obtain by differentiation expressions for y("*) 
and y"*. If these expressions are not so 
involved as to make the labor of substitution 
prohibitive, then the method here proposed is 
applicable. 

The advantages claimed for the process are: 

1) The start of the integration is accomplished 
by the same formulas that are used in the regular 
routine of the process, so that no special formulas 
or procedures are required in order to get the 
computation underway. 

2) Each step of the integration makes use of 
only two lines of the computation, whereas a 
method employing differences and having a com- 
parable degree of accuracy would require five lines 
n the computation 

3) A change in the length of step for step-by- 

tep integration is often necessary as the integra 


rhe preparation of tl paper was sponsored (in part e Office 


Integration of Differential Equations 


tion proceeds. Such a change can be more readily 
made in this process than where five-line formulas 
of integration are employed. 

(4) The coefficients occurring in the formulas are 
simpler than those in comparable five-line quad- 
rature formulas, so that the machine calculation is 
not at all complicated. 

The most obvious disadvantage of the process 
is that it requires the calculation of two additional 
derivatives at each step, and the labor of substi- 
tution in certain instances may be excessive. In 
such cases this method is not recommended. On 
the other hand, for equations of simple analytical 
form, and particularly for linear differential equa- 
tions, it should prove valuable. 


II. Derivation of Formulas 


Let s) and x,, where z Me h, be two values 
of the independent variable x, and let yo, yy, ete. yy 
ete., be the corresponding values of y, y’, As- 
suming that y has a continuous derivative of ordet 
7 we may express y, y’, y’, and y’’” by Taylor's 


series with remainder term, as follows 


h yi, hey, ay ae hey; 


= Wthyt oe tT gr tog tog tg 4 
H,. l 

” h Vi hi —_ h MN. At y 
hy hy th Yo oo tT os T 1 T -) t Ry, 
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h y h Yo 7 h ‘'y 4 os { = 4 R,, 4) 
-_- >. 
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Yo Y THM Yot »? »1 T j! 
- ” . 
B2h°y H4h"y , - 
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1, 2,3, and 4), the three 
may be eliminated, and 


From the four equations 
quantities y,", y,”, and y 


the resulting equation can be rearranged so as to 


vive 
h h h , 
) ’ ? ? ) ) lL» } 
i Yoryg Wry 19 (MY jog (i TY) 
R in 
It may be shown by a separate investigation 
that 
hiy™ (x 
R 
100,800 
in which m<s<a 


Ina similar manner from eq 1 to 5 we may de- 


rive 
Y2— 2y, +yo=Thiy,—y 3h? (yi + ys) 4 
h 210h*y . _ 
12 tly aed Y 100.800.” . 
with s in the interval 2<s<a These are the 


required formulas 
III. Application to Equations of First Order 
Let the given differential equation be 
y" hry s 


Differentiation gives 
and 
(10 


Then 


from eq 8, 9, and 10 in succession we obtain 


Let the given initial values be so, y 





Yo. Yo. Yo , giving the first line of the computation 
J Y Yo Yo Yo .- 
W I Milne The ret nder in linear methods of approximation, J. 
Research NBS 43, & 49) R P2042 
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To proceed we assume a trial value for y, 


fairly good trial value is provided by | 
heyy , hye” 


Yi = Yor h Yo T > 21 


Next with r,, and the trial value wy, We obta 


trial values for y, yi, yy from eq 8, 9, and 10 | 


and have the trial line for s;: , 
ry y ni " vi 


Now using eq € we secure an improved value 
y;, compute Yi. . ae from eq 3, 9, and 1 


recalculate y, by 2, (eq 6), and repeat this sequen: 
of steps until no change occurs in the value ob- 
tained for y,. This is taken as correct, and y ti 


have two lines of the computation: 


We are now in a position to use formula 7 
Then tri 


are obtained from eq 8 


1 


order to calculate a trial value for y 
values of ys, ue, yo” 
and 10, and we leave the trial line: 


I? Yo Y Ye MI 


Formula 6 (with subseripts advanced by 1) giv: 
an improved value for yw. If the “improved 
value of y is different from the “trial” value of 
Yo, it will be necessary to recompute ys, ys. y 
and apply eq 6 again, repeating these steps unt 
no further change oecurs At this stage we ha 


completed three lines of the computation 


/ y Yo y y 
] MT oF ", 
J y Yo y y 


Subsequent lines of the calculation are obtait 


by exactly the same steps as were used to get 


IV. Discussion of the Process 


This completes the description of the pro¢ 
for the case of equations of the first order. Sor 
comments of a practical nature are, howe, 
pertinent. 

(1) Obviously, the error in y at any step du 
the use of the approximate formula 6 is boun: 


by the quantity 
hi M 
100,800' 
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which \f/=max\y"| in the interval covered by 
he step. Supposing for the moment that V7 is 
: known constant, we see that the above equation 
onnects the magnitude of the error / with the 
‘ neth of the step-interval h. 

If, for example, the problem in question requires 
hat y be obtained accurately to a specified num- 
ber of decimal places, eq 11 enables us to select an 
ippropriate value of A that will secure this ae- 

acy. On the other hand, if we have already 
lecided on the value of h, eq 11 will tell us how 
many decimals in the result may be regarded as 
correct 

2) Actually, 7 is rarely constant from = step 
to step, and moreover the value of A/ is unknown 
since it is ordinarily utterly impractical to caleu- 
late the value of the seventh derivative of y at 
each step. However, a erude estimate (which 
actually proves to be sufficiently satisfactory 
may be made as follows: Assume that the calcula- 
tion has been performed correctly to the ath step 
so that we have the correct values of the line 


a trial value 7,4; is obtained by eq 7. A final 
value of Yn 


necessary. Now the error of 7,4; 1s 


210h7y (s) 
100.800” 


whereas that of y,4; Is 


hiy (8’) 
LOO SOO 


being the error produced in y,4; by the errors in 
» Batt, Yar 

rror of Yy4 

pidly enough convergent for practical use, the 


these latter being due to the 
In actual practice, if the process is 


ror ¢ must be much smaller than the error in 
Hence, we may neglect e. Then 


h?y )(9’) 
LOO.S00 


= 210h?y™ (s) 
100,800 


we ignore the fact that y(s) and y(s’) are 
eXtu tly the same, we may add the terms on 
right, divide by 211, and obtain 
. f hy (8) Ynsi— Dna 
error of ? _ == ‘ 
ne 100,800 211 
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is obtained by eq 6, repeated if 


Although the foregoing reasoning seems very 
crude, the final formula 


Error of yy.) 


proves to be not only simple in application but 
actually quite reliable in determining how many 
significant figures of the result can be trusted. 
(3). At each step of the computation the quan- 
tity ¢,=Y%,—Yy» Should be recorded in a separate 
column. This column of e’s is used for several 
purposes. 

(a) As long as the e’s vary regularly and have 
significant figures only in the last two places 
retained, we proceed with the computation in 
reasonable confidence that all is well. 

(b) A sudden fluctuation in the e’s suggests 
that a computational mistake has been made, and 
the lines involved should be rechecked. 

(c) If the e’s increase to the point of affecting 
the last three places retained, then either the 
interval, h, should be shortened, or one less place 
should be retained. 

(1) The necessity for recomputing yooi, yi, 
Yrs: can frequently be obviated by estimating 
¢,., from the known values ¢, —., ¢,—;, ¢, and add- 
ing it to the trial value y,,, before computing 
Yuriy Yntiy Ynst- 
accurate, no recomputation is required, 


If the estimate is sufficiently 


(4). The foregoing discussion applies only after 
the computation is under way and does not give 
We would, of 


course, like to decide on the value of Ao and 


any clue to the accuracy of y. 


on the number of decimal places before starting 
the computation. This requires that we calculate 
y\? from the differential equation and the initial 


values. 


V. Equations of Higher Order 


The modifications required to apply the process 
to equations of second or higher order are slight. 
In the case of an equation of second order, for 
example, the routine (after the start has been 
made) is as follows: 


Predict y, by eq 7 modified as follows: 
Ys 2y; ' Yo Th uw Yo Shey, | Yo ) 


‘ 
» (Llyi —Syo”). 


l 
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Predict y, by Calculate y., y, 


eq ri 


‘ 


y." from 


the differential equations and the equations 


obtained by differentiation 


Correct y by 

h h h 
? } } } } ; 
Y / 9 vi / 10) / y 130 
Correct 7] bry 

h h h 
? } } } ; } + 7 
/ Y » / Y 10) / / 130 y 


VI. Illustrative Examples 


The foregoing method is applied to the 


order differential equation 


with conditions y= 1, 
Example 1, below, gives the solution by 


0.1 » 


method using / Example 2 
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uses the 


; second 


another 
present 


method with A=0.5 
putation time ts given. 
sent method with h 


A comparison of the con 


Example 3 uses the pri 


It appears that in example 2 the error of y 


about 2 


in sixth place, whereas in example 3 tl 


error 1s occasionally 1 in the tenth place 


A comparison of example 1 


and example 


shows that the new method obtained the value « 


J,(3) in only six steps (and more accurately 
than the simple method based on Simpson's 
Rule could secure in) 30 steps Although th 


labor of substitution per step is much greater fe 


the new 


method, the reduction in number of r 


quired steps more than offsets this extra work, as 


is shown by a comparison of required times. 


Example 


power of the new method. 


3 provides further evidence of tl 
Anyone with exper 


ence in numerical solution of differential equation 


4 


will recognize that to solve Bessel’s equation to 


10 decimal places in the neighborhood of the orig 
with step-intervals of length 0.1 requires a pretty 


accurate method of solution. 
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or y and y’ appear the corrected values he digits of the predicted values when different from the corrected are shown in parentheses 
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Measurement of the Disintegration Rate of Sodium” 
by the Coincidence Method’ 


By J. L. Herson 
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I. Introduction In the case of positron emitters, the applieation 


TY ; , of the coincidence method presents two difficulties 
moabsoltute distntegration rate ob a radioactive 


al alse commendeneces result from thre positrons 
paration can be readily determined by the 


. registered b\ thre beta eountelr nha thre 
neidenee method if the disintegration scheme 


ain associated annihilation radiation registered 
known to. be simple Thus, if the Isotope mn 


; by the gamma countet 
stron emits on Deets followed by one gvainiha 


1) The rnulninan countel responds to nucleat 
observations are made of the beta, gamma 


Coumima ravs as well as to the annibilation 
d beta curd Coll Klenee rates and the abso 





: radiation; and there is no simple way of 
disintegration rate determined without rete 


ascertamimeg What fraction of the total counts 
a to thre othe mncies of the cle tectors of the 
: is due to the nuclear vomina rays alone 
ometry of the arrangement, from the relation 
Sodium “ is a positron emitter and exhibits a 
\ BSG simpli disintegration scheme: 0.6 \lev positron 
( followed by a 1.3 Mev gamma ray To cireum 
= vent the above mentioned difficulties, a somewhat 
BR beta counting rate: more elaborate coincidence method first emploved 
G=vgamma counting rate; by Leibnitz * was used 
( beta-gamma comeidence rate 12% 
\ 1 rev ( 
arch iisintegration Rate of Na 


SOUS io 








II. Source and Experimental 
Arrangement 


The radioactive sodium used in these measure- 
ments was produced ina evclotron by the reaction 
Nye d, a 
Hest 
NaCl by 


li Vine of 


and received here in the form of mag- 


uranyl acetate It was converted to 
using a& process developed by | W 


MIT 


four successive depositions of 200 ul of the NaCl 


The source was prepared by 


solution on paraffin coated cellophane 

The experimental arrangement is shown sche- 
matically in figure 1. The source and the two 
counters were placed between the pole pleces of 
an clectromagnet A lead block was placed 
With this arrange- 


ment the counted positrons follow a semicircular 


between the two counters 


path, and the annihilation radiation produced in 
and near the beta counter is prevented from reach- 
false 
The magnetic field used through- 


ing the gamma counter and registering 
comecidences 


out these measurements was about 300 gausses 


III. Procedure 


As in the standard coincidence method, measure- 
ments were first made of the positron, gamma 
and coincidence rates (2B, G,, and ¢ with the 
application of the usual corrections for back- 


cround, accidentals and COSTING coincidences 


Following these principal measurements a series 
of supplementary tests was made as follows 

An aluminum cover about 132 in. thick was 
placed over the source and the gamma counting 
rate again observed. Although the counter now 
registered the same number of nuclear gamma’s 
as in the previous test, additional annihilation 
quanta were produced by the interaction of the 
positrons with the aluminum, and the total 
counting rate increased to a new value (@, 

The copper-eyvlinder gamma counter used in the 
preceding Measurements Was then replaced with a 
platinum-cvlinder gamma counter of the same 
dimensions, the aluminum cover was removed, 
and the comeidence rate (¢ again measured 
The platinum counter is known to have a different 
detecting efficiency characteristic as a function of 
gamma-ray energy, the efficiency being particu- 
larly higher for low energy gamma rays. Since 
the annihilation radiation did not contribute to 
, the ratio of 


the observed coimcidences (C) and C; 
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the coincidence rates is also the ratio of the effi- 
ciencies of the respective counters in detecting thy 
nuclear gamma radiation, We designate the ratic 
as m= €4/C 

The gamma counting rate of the platinum- 
evlinder gamma counter was then measured; first 
without any cover over the source (G@) and ther 
with an aluminum cover placed over the soures 
Ga, As in the ease of the similar measurement 
with the copper-cvlinder counter, G, was greater 
than G, due to the additional annihilation radi 
ation 

The increase in the gamma count could con 
ceivably be produced partially by the Compton 
effect photons, but this increase, if present, will be 


small and has been neglected. 











POLE PIECE 


SOURCE 
BETA COUNTER 


/ ~- GAMMA 
/ COUNTER 


- LEAD BLOCK 





Figure 1 Erperimental arrangement fo measuring th 


disintegration 


IV. Interpretation of Experimental Data 


To derive the desired information from th: 
experimental data, the following quantities at 
introduced 

y, counting rate due to nuclear gamma rays only | 
in the determination of G 

r, counting rate due to annihilation radiatio: 
only in the determination of @ 

n, the ratio of the annihilation counts in th: 
measurement of G, (using aluminum cover) to th 
annihilation counts in the measurement of G 
without aluminum cover 


/, relative efficiency for detecting annihilatio 


quanta of the platinum gamma counter with}9 
respect to the copper counter 
The following four equations relate these for : 


quantities to the measurements data 
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These equations can be solved, and it is: the 
value of y rather than G, that is used in eq 1 in 


computing the absolute strength of the source. 


V. Numerical Values 


The following numerical results were obtained 


im our Measurements 


B, 2.067 min 


~ 


. 19S min. 


(%, 1.93, min. 
" 7 ON 


G,, 1.766 min 
G,. 1.903 min. 
G,, 2,751 min, 
Gi,, 3,152/min. 
The set of equations then vielded: 
y ] 


256 min 


isintegration Rate of Na 


/=2.9 
n 1.26 


Using the value of y in place of G in eq 1, the 


disintegration rate of the test source (SOO yl 


» O67 1.236 


2.1510 disintegration ‘see 


LOS oo 


0.0215 rd. 


A sample taken from the same preparation was 


later measured by an independent method of 
positron counting and comparison with a known 


Both 


within less than 1 percent 


standard results were ino agreement to 

It is interesting to note that of the total gamma 
counts observed in the main test only 70 percent 
was due to nuclear gamma rays, and the remaiming 


Without 


correction derived from the supplementary meas- 


was due to annihilation radiation any 


urements, a 43-pereent error would have been in 


curred. The value of 1 (2.9) ts significant, showing 
that for gamma rays of 0.5 Mev. the platinum 
counter is 2.9 times more efficient than the copper 


counter, Whereas their efficiencies do not differ 


for 1.3-Mev gamma ravs 


It Is al pleasu e lo acknowledge the cooperation 
of H. Seliger, who made the confirming iIndepe na 
and of A Schwebel, 


formed the preliminary chemical processing of the 


ent measurement who per- 


preparation 


Wasuineron, July 17, 1949. 
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By Charles M. Hunt, Raymond L. Blaine, and John W. Rowen 
When cotton linters were soaked in cold 10-pereent sodium hydroxide, washed, and 
neutralized, and transferred successively to methyl aleoho! and benzene, and carefully dried 
at reduced pressure, a surface area as high as 71.3 square meters per gram was obtained b 
} Brunauer Kmmett. Teller technique Previous areas for ntreated cotton were a 
below | square meter per gram Linters carried through the above steps after soaking i 
ater instead of alkali had an area as high as 47.3 square meters per gram When the alkali 
eated sample was conditioned in water Vapor to 3.3 pereent gain in weight the irtace 
lecreased to 31.6 square meters per gram: further conditioning to an LTLQ-pereent gain 1 
veight decreased the surface to 2.1 square meters per gran 
rhe isotherms of the treated samples showed strong | ere whereas the itherr 
if treated cotton showed little or no hvstere 
Calculations of pore size distribution bv the method of Wheeler and Sl indicated thes« 
aterials have rather narrow distributions, the alkali-treated material having a aNin at 
a pore radius of about 20 Angstroms and the water-soaked material a maxin at about 
16 Angstroms 
I. Introduction Previous work in this laboratory showed that 
a the surface area of a cotton sample was 0.72 
The view that native and regenerated cellulose 
me when based on the sorption of nitrogen at 
fibers eontaimn longitudinal submicroscopic chan- 
, , liquid nitrogen temperatures and calculated by the 
nels, or that such a structure can be produced by ; pa angie 
' ‘ Brunauer, Emmett, Teller equation [16 When 
imbibition of water has been suggested from = a :' 
this equation was applied to the data for the sorp- 
number of lines of evidence as, for example ‘ ; . 
; ; tion of water at 25°C by the same cotton, a specific 
\-rav and Ultramicroscopl studies of fibers in . . 
‘ surface of LOS m was obtammed From this it 
Which metals have been deposited from solution 
| , , was evident that water had access to regions 
| > a A review of this subject Is presented by . 
, ' within the fiber unavailable to nitroger Shaw 
Frey-Wyssling 0] and Hoek and Mark fi 
’ and coworkers made a similar kind of observation 
Phe existence of channels in wet cellophane has 
when they compared the water and nitrogen 
/ been suggested to explain its use as a semiperme “a ; 
. absorption ol eertam proteins ‘ and Sever rulinl 
ible membrane, and Valko [4b] has reviewed the . 
pectate |S However Assaf, Haas, and Purves 
easurement of pore diameters in this material by ' 
‘ , 4G 10 reported that cotton linters soaked in 
different methods and cites values, most of which 
a sodium hydroxide and earried through a solvent 
} av between 40 and 60 A The observation of . 
= exchange procedure hac il caleulated arena ote 
Collins [5, | that cotton and rayon fibers swell oy ah 
larer as 64.76 m available to nitrogen Phrus it 
laterally but very little longitudinally upon imbib- , 
' appears that regions within the fiber ordinarily 
ne water indicates that some sort of lateral } 
available only to water were made available to 
‘ separation of the chains occurs in the swelling ; 
i nitrogen 
process rie 
} The experiments reported he re were undertake Nn 
: he J to study the structure of expanded cellulose hy 
7 
‘ low-temperature nitrogen sorption, because meas 
; urements of this type on other adsorbents have 
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Leen found to have real significance Cotton 


linters were carried through the procedure of 
Assaf, Haas, and Purves and nitrogen adsorption- 
desorption isotherms were obtained Pore size 
distributions were calculated from the desorption 
data as has been done for certain silica gels |11, 


The effect of add- 
to the expanded material was 


12] and other materials [13e] 
ing water vapor 
observed, and an experiment was carried out to 
see if high nitrogen sorption could be obtained 
with cotton linters presoaked with water instead 


of alkali 
II. Experimental Part 


The sample of cotton linters used in this work 
was furnished by the Hercules Powder Co. through 
the courtesy of H. M. Spurlin and Peter Van 
Wvyek It was designated as 05843 Grade 27LV 
Cotton Seed Hull Shavings Pulp 


descriptive material furnished by 


According to 
the company, 
chemical cotton of this type is digested with dilute 
alkali and bleached The sample had a reported 

viscosity of 608 see in 2.5 ¢/100 ml concentration 
in ACS cuprammonium solvent, corresponding to 
an INtrinsie Viscosity of about 9 and a degree of 
The material was 
The methyl 
alcohol and benzene used in the solvent exchange 


polymerization of about 1,800 


used without further purification 
deseribed in this study were dried by distillation 
from sodium 

The control sample of cotton linters (sample A 
received no treatment. Sample B was put through 


Assaf, 


Purves [9], neutralizing the sample after removing 


the procedure deseribed by Haas, and 


most of the alkali. No preliminary dewaxing was 
performed, as the material wet readily with water. 
After drying in vacuum, the sample was stored 
several weeks over a drying agent and paraffin 
The paraffin was used as an absorbent 
Sample ( 
pared by soaking 5 ¢ of cotton linters for 3 hr in 


before use 
for desorbed benzene vapor. was pre- 
water at room temperature. The sample was then 
pressed to remove excess water and transferred to 
After 30 min the 
sumple was pressed and transferred to a second 


| of absolute methyl alcohol 
portion of methanol The process Was repeated 
once more with methyl alcohol and twice with 
benzene. The sample was vacuum dried by inter- 
mittent evacuation to a pressure of about 25 mim 
Hyg and stored over a drying agent and paraffin. 


Private commu ition from Peter Van Wywek 
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This procedure is similar to that of Assaf, Haas, 
and Purves, but the preliminary swelling was done 
with water alone at room temperature instead of 
10-percent sodium hydroxide in an ice bath. 
B, and € 
quickly transferred from the desiccator and sealed 


Five to seven g of samples «A, were 


into glass holders. A glass plug was placed on top 
of each sample and this permitted the sealing 
flame to be applied 2 to 3 in. from the cotton with- 
The tips of the 
holders were drawn out so that they could be easily 


out unduly increasing dead space. 
broken off and resealed. Samples A and C were 


outgassed overnight at room temperature, or 
longer if necessary, to obtain a vacuum of 107° mm 
Hy. and nitrogen adsorption-desorption isotherms 
were obtained. Nitrogen adsorption-desorption 
measurements were made on sample B, both aftet 
outgassing at liquid nitrogen temperature (deter- 


minations 1, 2, and 3 


and after outgassing at 
in order to 
Sample 2 


was then conditioned at 20- to 25-percent relative 


room temperature (determination 4 
see if large differences were obtained 
humidity. Conditioning was accomplished by 
passing nitrogen through sulfuric acid of proper 
concentration, glass wool, and finally through the 
sample. Passage through the sample was achieved 
by breaking the tip of the holder. and after con- 
stant weight was attained the tip was resealed 
The sample was outgassed under liquid nitrogen 
to retain the water that had been added, and 
nitrogen adsorption-desorption measurements were 
made (determinations 5 and 6). The process was 
repeated after conditioning the sample at 70- to 
75-percent (determinations 7 
and 8 


nitrogen, 


relative humidity 
The sample was then dried by passing 
dried = with 


magnesium perchlorate, 


through the sample. Nitrogen adsorption-desorp- 
tion measurements were made after outgassing at 
room temperature. This provided a means of 
seeing if any of the nitrogen sorptive capacity of 
the sample lost by hydration could be regained 
by removal of the water (determinations 9 and 10 

Nitrogen adsorption measuremenis were made 
with an apparatus similar to that deseribed by 
Emmett 
the nitrogen at 





14). The saturation vapor pressure of 
the temperature of the liquid 
nitrogen bath was determined by a vapor pressure 
thermometer, using the purified nitrogen employed 
for the adsorption experiment. A correction fot 
the nonideality of nitrogen was calculated, assum- 
ing the volume of nitrogen in the dead space at 
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760 mm Hg pressure was 5 percent greater than 
that caleulated from the ideal gas laws, and that 
varied linearly with 


the percentage deviation 


pressure, being negligible at) very low partial 
pressures 

Pressure-volume measurements covering a range 
of p/po from less than 0.1 to above 0.9 were made, 
where p is the pressure of nitrogen above the 
sample and po is the vapor pressure of liquid 


nitrogen at the same temperature. Each adsorp- 


tion-desorption isotherm required 2 or 3 days to 
complete. Apparently longer times were required 
to reach equilibrium on the steeper portions of the 
curves than the flatter portions. Final readings 
were recorded when two pressure readings taken 
10 min apart did not differ by more than 0.1 mm 
Hy. Pressure readings obtained in’ this) way 
usually agreed within 1 or 2 percent with readings 
obtained when the sample was left overnight, the 
drift 
nitrogen adsorption in adsorption measurements 


being in the direction of slightly greater 
and slightly less nitrogen adsorption in desorption 


measurements. 


III. Nitrogen Sorption Isotherms 


The volumes of nitrogen adsorbed per gram of 
sample are given in table 1, and typical isotherms 
are shown in figures 1 and 2. The untreated 
cotton linters (fig. 2 curve A) adsorbed much less 
nitrogen than the other samples and had a type I 
isotherm [13a]. That is, the curve gave no indi- 
cation of leveling off up to the highest partial 
No hysteresis was observed 
within The 
adsorption of nitrogen by untreated cotton is 


pressure measured, 
the limits of experimental error. 


conceived as a multilaver adsorption process in 
which capillary condensation plays little or no 
part. 

The cotton swollen with alkali and subjected to 
solvent exchange (fig. 1 curve B) and the cotton 
swollen with water and given solvent exchange 
had what appeared to be type IV 

Strong hysteresis was observed 


fig. 2 curve C 
isotherms [13a]. 
with inflection points in the desorption curves at 
partial pressures of 0.49 and 0.47, respectively. 
When sample B was conditioned to a 3.3 percent 
gain in weight at a relative humidity of 20 to 25 
percent, the isotherm (fig. 1 curve B’) also 
appeared to be type IV with strong hysteresis. 
smaller, however. 


The sorptive capacity was 
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When sample B was further conditioned at 70 to 
75 percent relative humidity to a weight 11.0 per- 
cent greater than the weight of the original sample, 
the form of the isotherm changed completely (fig. 


| curve BY’). It was more like a type I] curve, up 





Vs 


a 
° 


wa 
° 


> 
° 


4 Vs 


u 
°o 





CC Ng PER GM OF ORIGINAL SAMPLE(S.T.P) CURVES 8B @ B' 
CC Na PER GM OF ORIGINAL SAMPLE (S.7.P) CURVE B" 


























20 44 
43 
10 432 
| 
° ° 
Oo 01 02 03 04 05 06 O07 08 O09 10 
P/Po 
FIGURE | Nitrogen adsor ption-de sorption isotherms. 

B, Alkali swelled, solvent exchanged cotton linters (determination 4 
B’, B conditioned at 20- to 25-percent relative humidity (determination 
B”’, B’ conditioned at 70- to 75-percent relative humidity (determination 8 
@. desorption adsorption 

T T T T T T T T T Vs 

30 
o < 
a we 
* ; 
$ oo 
a a 
me - 
o = 
> © é 
= z 
8 3 

O° i i i i i i 14 1 i O° 
° o!1 O02 03 04 O05 O06 OF O08 OF 10 
P/Po 
FiGuReE 2. Nitroge n adsor plion-de sor plion isotherms. 


4. Control cotton linters (determination 1 C, water swelled, solvent 


exchanged cotton linters (determination 2). @, Desorption adsorption 
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to the highest partial pressure measured, and 
showed measurable hysteresis with both branches 
convex to the pressure aXIs. 

When sample B was redried after conditioning 
at 70 to 75 pereent relative humidity an isotherm 


er 


identical with curve B’’ in figure 1 was obtained 


IV. Surface Areas 


The volume of nitrogen required to cover the 
adsorbate with a unimolecular laver was deter- 
mined from nitrogen adsorption data between 
p po Values of 0.05 and 0.38 by methods already 
described [13b, 14 15] 


culated from this volume assuming each nitrogen 


Surface areas were cal- 
molecule to cover an area of 16.2 A*. The values 
are summarized in table 2. Each value in the 
table represents a single determination, and they 


are listed in the order in which they were made 


Pape 2 Summary of surface area determinations 
< f 
I> 
; 
' 
\ Th) 
B, NaOH and se ent exchange 
in 2 
, Re 
‘> 1 i 
. B n 2 RH, and ‘ 
i rut ‘ s 
B Ril 2 
aul rat s 
. B ; 
( ‘ 


The area of 0.5 to 0.6 mg for untreated cotton 
linters is comparable with 0.72 m*g previously 
obtained in this laboratory for a cotton varn [16] 
This is slightly larger than the value of 0.16 m?/g 
reported by Howell and Jackson |17] from micro- 


scopic measurements. This suggests that there 
may be a few accessible surface irregularities and 
pores, but nitrogen does not penetrate the un- 
treated cotton fiber to any great extent 

when the linters 


Assaf, 


surface was obtained, 


Hlowever, were given the 


treatment of Haas, and Purves a large 


such as they reported 


Successive additions of water to the sample 


greatly decreased the surface available to nitro- 
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gen, and when the water was removed the surface 
remained at the same low value. The sensitivity 
of surface area to small amounts of water indicates 
that refinements aimed at the complete removal 
and rigorous exclusion of water would lead = to 
higher surface areas than those given in table 1. 

The collapse of expanded cellulose upon wetting 
and drving suggests that the expanded material 
is in an unstable state. Reeent 
work of P. H. 
expanded cellulose has an X-ray diffraction pat- 
tern that is somewhat different 


cellulose | 


revert) to 


unpublished 
Hermans! indicates that the 
from that of 


cellulose Since expanded 


cellulose I 


water 


native 


cellulose tends to upon 


wetting, it appears that the molecules 
state in 


Water 


probably facilitates lateral and transverse order- 


assist the cellulose in’ the expanded 


getting over a special energy barrier. 
ing through the formation of hydrogen bonds. — Lt 
is believed that this ability of the cellulose mole- 
cule to become linked with other cellulose mole- 
cules by means of intermolecular hydrogen bond- 
ing is responsible for many of the physical prop- 
erties of cellulose, such as insolubility and strength 

Swelling with water followed by solvent  ex- 
change from methyl aleohol to benzene without 


alkali 


increase in the ealeulated surface area of the 


prior treatment also produced a large 


eotton linters. Thus, although 10 percent sodium 
hydroxide undoubtedly produced structural changes 
in the cotton fiber, the use of alkali was not neces- 
sary to make comparatively large regions within 
the fiber 
Kistler is of interest in this connection [IS]. He 


available to nitrogen. A> paper by 
prepared acrogels from a large number of inorganic 
and organic materials by substituting a swelling 
liquid within the gel by a liquid that could be 
evaporated above its critical temperature in an 
autoclave. Thus, it was possible to replace the 
liquid in the structure by a gas without allowing 
the surface of the liquid to “reeede within the 
gel.”’ Kistler states that this last condition is 
quite important. He prepared an aerogel from 
cellophane by extracting the wet material with 
ether, followed by 


propane. The propane was 


removed in an autoclave at 115° ¢ 

The procedure emploved here differed in. at 
least one important respect from that of Kistler 
in that the final liquid was benzene, which was 
However the 


removed nt room 


temperature 


‘ Communication through H. Mark to one of the autt 
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high sorptive capacity for nitrogen suggests the 


material had some of the properties of an aerogel. 


Apparently cotton linters possessed sufficient 


rigidity to retain much of the expanded structure 
even though the benzene-air interface was allowed 
to “recede within the gel”. As already noted 
[10] water cannot be removed in this way without 
collapsing the expanded structure of cellulose. 

It is to be table 2 


surface area measurement on the expanded ma- 


noted in that a repeated 
terial is usually slightly lower than the preceding 
measurement. This again suggests that the ex- 
panded state is unstable. 


V. Pore Size Distribution 


Hysteresis in the sorption isotherms of samples 
Band C has suggested that capillary condensation 
plays a part in the process. Although it is possible 
to interpret hysteresis other than by capillary 
condensation, and modern statistical mechanical 
treatments of sorption do not explicitly interpret 
it in terms of capillary condensation [19], hysteresis 
in the isotherms of rigid solids has generally been 
this 
has reviewed much of the work on this subject. 


attributed to mechanism. Brunauer [13c] 
The postulation of channels in wet cellulose from 
lines of evidence previously mentioned suggested 
that which 
water had been removed by solvent exchange. 


pores might exist in cellulose from 

Pore size distributions have been calculated by 
the method of Wheeler [21] and Shull [11] from the 
desorption isotherms plotted in figure 1, curves 


B and B’, and figure Z curve C These distribu- 

tions have been plotted in figure 3. 
The method is briefly outlined here. [t corrects 

the capillary radii, as calculated by the Kelvin 


equation, for the thickness of the laver of gas laid 


down by multilayer adsorption. The pore size 
distribution is based upon integration of the 
equation 
. 
V=-r (r—t)*Lir)dr, (1) 
JR 


where 
V7. is the volume of gas adsorbed at saturation 
pressure; 
V is the volume of gas adsorbed at any riven 
partial pressure; 
ris the pore radius; 
tis the thickness of gas laid down by multilayer 


adsorption; 
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B, Alkali swelled, solvent exchanged cotton linters (determination 4 ~~ 
’ B conditioned at 20- to 25-percent relative humidity (determination a 
water swelled, solvent exchanged cotton linters (determination 2 in 
. in 
L (r) dr is proportional to the total length ol 
. ; ul 
pores whose radii fall between r and r+dr; 
R is the Kelvin radius corrected for multilaver 
adsorption and is given by the expression: 
») ° 
R=t ; _— ’ (2) 
R17 In Pp in 
in which: of 
o is the surface energy of the adsorbate at the ta 
temperature of adsorption, 7; cs 
ris the molar volume of the adsorbate in the fo 
liquid state; = 
R, is the gas constant in ergs/mole degree; te 
p po is the relative pressure. al 
Equation | is integrated by assuming ZL (r) is Uh 
either a Maxwellian distribution, it 
, , cl 
Lir) = Aoroe , (3a 
or a Gaussian distribution, m 
BR rm 
Lir)=Aje * é (3b) . 
* the sum of a Maxwellian and a Gaussian dis- " 
} 
tribution, 1 
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B 
A ( ' , . (Se 


Lir) = Agrve 


Ay and «4, are constants, and rp, ™, and B, are 
parameters. 

By way of illustration, when the equation for a 
Maxwellian distribution [13a] is substituted in eq | 
and the integration carried out, the expression 


V.—V=Agr'M(R, rp), (4 


is obtained, where A/(R, ro) is a function of R, ro, 
and contains f, the multilayer thickness. Shull 
has calculated this function for a number of values 
of R and ro and prepared a family of standard 
inverted isotherms by plotting .W(R, ry) on the 
logarithmic seale of semilog paper against R. 
Experimental V,—V°> values are similarly plotted 
on a logarithmic scale against R, and the curve 
matched with the standard isotherms to find one 
viving the closest fit This gives the parameters 
of the standard distribution most closely approxi- 
mating the experimental distribution, and the con- 
stant Ay may be obtained by substituting values 
of ro, MCR, ro), and V,—V in eq 4. The procedure 
is similar for a Gaussian distribution, and entails 
a few more steps for the sum of a Maxwellian and 
a Gaussian distribution, but involves curve match- 
ing in each case. The total volume of gas sorbed 
in pores with radii between r and r+dr is Virjdr, 
and this volume distribution function is given by 


Vir = are Lir). 


Certain assumptions have been made in apply- 
ing this method. First is the basie assumption 
of the method itself that the sorption process 
takes place in circular pores whose radii may be 
ealeulated from the Kelvin equation, corrected 
for multilayer adsorption. It has also been 
assumed that V's, the volume of nitrogen required 
to condense and exactly fill the pores may be 
obtained by extrapolating the isotherm to satura- 
tion pressure, and it has been assumed that the 
adsorbent undergoes no important dimensional 
changes during sorption. 

Sample P (fig. 3, curve B) is shown as having 
most of the nitrogen sorbed within a rather nar- 
row distribution of pore radii with a maximum 
volume at a pore radius of 20A. When the sample 
was conditioned at 20- to 25-percent relative 


> 


humidity (fig. 3, curve B’), the position of the 
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maximum remained about the same. The mech- 
anism by which addition of water to expanded 
cotton reduced subsequent capacity for nitrogen 
is not clear at present. It is difficult to visualize 
a uniform multilayer process by which water 
could be deposited in pores without decreasing 
pore radius. If it is assumed that a certain frae- 
tion of the entire pore length in the sample was 
completely destroyed by water while the remainder 
was left intact, pore volume could be decreased 
without changing pore radius. The volume of 
water added was nearly large enough to account for 
the decreased pore volume if it merely took up 
space and exerted no specific action in the collapse 
of the structure. Eleven percent of water was 
more than enough to account for the pore volume 
of the original sample on this basis, which suggests 
additional swelling of the expanded cotton took 
place upon conditioning at 70- to 75-percent 
relative humidity. 

When the desorption measurements on solvent 
exchanged cotton (fig. 3, curve C) were analyzed 
by the Wheeler-Shull method, a slightly broader 
distribution of pore radii with a maximum at 16A 
was obtained. 

No curves are shown for the control sample or 
the cotton conditioned at 70- to 75- percent relative 
humidity. This is because of the difficulty in esti- 
matings foratypellcurve. Foratrue multilayer 
adsorption process on a plane surface, Vs should 
approach infinity, and a pore volume calculation 
would have no physical significance. 


VI. Summary 


A sample of cotton linters swollen with strong 
alkali and given a solvent exchange treatment was 
found to have a large surface area available to 
nitrogen. This confirms the observation of Assaf, 
Haas, and Purves. The shape of the adsorption 
and desorption isotherms were found to be more 
like type IV than type I], and they showed strong 
hysteresis Pore size distributions, calculated by 
the method of Wheeler and Shull, showed most of 
the nitregen absorbed in pores having radii of 
about 20 A 

Addition of about 3.3-percent moisture to the 
expanded cotton reduced the surface area greatly 
without noticeably changing the type of isotherm 
or pore radius. Addition of about 11.0-percent 
moisture destroyed nearly all of the internal 
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surface, and the tsotherm more closely resembled 


untreated cotton, but 


ol 


remained 


that a slight hysteresis 


Cotton swollen with water only and given 


a much larger surface 
untreated The 
i, of 
adsorbed in pores having calculated radii of about 


16 A 


solvent exchange also had 
isotherm 
the 


than cotton Was more 


nearly type and most nitrogen Was 
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Vapor Pressures and Boiling Points of Sixty API-NBS 
Hydrocarbons’ 
By Alphonse F. Forziati,* William R. Norris, and Frederick D. Rossini 








Measurements of vapor pressures and boiling points, over the range 48 to 780 milli- 


meters of mercury, and above about 11° C, 


were made on 60 purified hydrocarbons The 


apparatus consisted of an electrically heated boiler, a vapor space with a vertical reentrant 


9 


tube containing a platinum thermometer having a resistance of 25 ohms, and a condenser. 


Measurements of the temperature of the liquid-vapor equilibrium were made at 20 fixed 


pressures maintained automatically The values of the fixed pressures were determined by 


calibration of the apparatus with water using the vapor pressure-temperature tables pre- 


pared at this Bureau 


The experimental data on the hydrocarbons were correlated, the method of least 


squares being used, with the three-constant 


P i—- Be t) or t= B/(A—log P ( 


Antoine equation for Vapor pre SSuUTEes, log 


k:xperimental data, together with the values 


of the three constants of the Antoine equation applicable over the range of measurement, 


are reported for 60 API-NBS hvdroearbons, 


S alkvlevelohexanes, and 21 alkvibenzenes 


I. Introduction 


This investigation is part of the systematic 
program of determining physical properties of 
highly purified hydrocarbons being prepared in 
the cooperative program of the American Petro- 
leum Institute and the National Bureau of 
Standards. Measurements of vapor pressures and 
boiling points were made over the range 48 to 
780 mm Hg, and above about 11° C, on 60 hydro- 
carbons of the API-NBS series. This paper 
gives the experimental data, and results of the 
correlation with the Antoime equation, for 17 
paraffin, 14 alkvlevclopentane, 8 alkvlevelohexane, 
and 21 alkylbenzene hydrocarbons 


II. Apparatus and Procedure 


The apparatus and procedure employed in this 
investigation were essentially similar to. those 


already deseribed [1] The modifications con- 
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including 17 paraffins, 14 alkvleyelopentanes, 


sisted of increasing the thermometric sensitivity 
from 1.4 to 3.3 mm of scale deflection per 0.001' 
C; installing a new condenser and reflux reg- 
ulator patterned after one previously deseribed 
[2]; blending the heat of a reentrant 50-watt 
heater with that of the external heater, wrapped 
around the boiler, to minimize bumping at low 
pressures; and connecting a high-pressure nitrogen 
evlinder, with suitable reducing values and drying 
train, to the inlet of the ballast tank. The 
nitrogen cylinder obviated the use of a pressure 
pump for measurements above | atmosphere and 
permitted boiling without contact with oxygen. 


III. Determination of Pressures 


The values of the pressures produced by the 
apparatus, when controlled at the 20 fixed contacts, 
were determined from periodic measurements of 
the temperature of the liquid-vapor equilibrium 
made with water in the apparatus. The changes 
in these values were substantially the same as 
those previously reported [1]. The vapor pressure 
of water at I-deg. intervals from 35° to 108° C 
was taken from table 2 of Osborne and Meyers 


[3], together with unpublished small revisions of 
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these values by Mevers, Stimson, and Cragoe [4] 
Krom these values, several 
lated 


values were interpo- 
by Lagrangian five point curvilinear inter- 
at O.1l-deg 
of the temperature of the liquid-vapor equilibrium 
The 


final cal ulation ol the pressure nt each observed 


intervals in the neighborhood 
for water at each of the 20 fixed pressures 


temperature was made by linear interpolation 


within the O.l-deg, intervals 


IV. Source and Purity of Compounds 


The compounds whose Vapol pressures) were 
measured in the present investigation were sam- 
ples from the API-NBS series of highly purified 
hydrocarbons, which are being prepared through a 
cooperative undertaking of the American Petrol- 


eum Institute and the National Bureau of Stand- 


TABLE | Experimental data for 60 hydrocarbons on the 
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fem peratures 


The description of the compounds ts given 


in a preceding report [5], 


ards 
with the purification 
and determination of purity and freezing points 
of these compounds described in references [6, 7, 
8, 9, 10). It is believed that in each case the 
impurity was of such nature and present in such 
small amounts that the properties measured were 
indicated limits of 


not affected bevond the 


unecertarnts 


V. Experimental Data on 60 API NBS 


Hydrocarbons 


In table 1 are given the experimental data on 
the temperatures and pressures of the liquid-vapor 


equilibrium for 17 paraffin, 14 alkvlevclopentane 


S alkvlevelohexane, and 21 alkylbenzene hydro- 


carbons 


and pressures of the liquid-vapor equ 
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VI. Correlation of the Data With the 


Antoine Equation 


method of correlation has been deseribed 
The 


of the Antoine equation for vapor pressures, ob- 


prey iously 1] values of the three constants 





760.00 mm Hg, calculated from the Antoine equa- 


tion, are also given 


The last column of table 2 gives 


for each com- 
pound, the root-mean-square value, p, of the ratios 
of the deviations of the observed points from the 


Antoine equation to the expected standard devia- 


tained from the data in table 1, are 


2 together with the 





obtained 


equation for each compound is applicable without 


loss of accuracy 


and the pressure coclhicient of the boiling point at 


TABLE 2 Summa of the results of the corre 


given in table 


ranges of pressure and tem- 
and over which, therefore, the resulting 


The values of the boiling point 


the basis of standard deviations 


ol 
perature over which the experimental data were 


tions 


highest 


0.003 deg C in the temperature and 


The expected deviations were calculated on 
of a single value 
0.06 to 


0.11 mm Hg in the pressure, for the lowest and 


pressures, 


data with 


lnloine 


for the 60 compe unds vary 


respectively 


from 


total of 1.169 points on 60 compounds, is 0.56 


The values of p 
1.24 


Whereas the over-all value of p, computed for the 
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TABLE 2 Summa ou ts of the correlation of the experimental data with the Antoine equation fo apor pressures, 
60 API-N BS hydrocarbons— Continued 
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VII. Discussion intermediate (250 mm Hg), and high (760 mi 


The vapor pressures of different samples of 15 
of the above hydrocarbons have been previously 
measured in this laboratory [1]. Table 3. gives, 


for each of these 15 hydrocarbons, the calculated 


difference in’ pressure for a low, intermediate, 
and high temperature and the caleulated  dif- 
ference in temperature for a low (50 mm Hg), 
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He 


Omitting two compounds, 


of 


n-propyleyelopenta 


pressure, in the range measureme! 


and n-propyleyclohexane, of which the previous 
samples contained a significantly greater amou! 
of impurity, the average differences in’ temper 

ture and each of the three levels 


in pressure at 


are seen to be quite satisfactory ; 
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BLE 3 Comparison ot the lata obtained on 
pounds in UF nd the previous investigation 
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In the previous report [1], it was pointed out 
that some correlation exists between the values of 
the constants Band © of the Antoine equation 
and the number of carbon atoms in the normal 
alkyl side chain for the members of several normal 
alkyl series of hydrocarbons, as normal parailins, 
normal alkylevclopentanes, normal alkvleyelo- 
hexanes, and normal alkylbenzenes. For the 
previous correlation, values for ethvlevelopentane, 
n-butvleyelohexane, and n-butylbenzene were not 
available. The values of the B and C constants 
for these three compounds obtained from the 
present: investigation are found to be in) good 
accord with those previously reported for the 


neighboring members of these series |1] 


Acknowledgment is made to Corinne R. De 
Celles and Ruth C. MacKay for assistance in 


making the calculations reported in this papet 
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Bond of Concrete Reinforcing Bars 
By Arthur P. Clark! 


The tests reported were made 


deformed bars when tested in beams and companion pull-out specimens 


to compare the 


resistance to slip in conerete (bond) of 


to secure informa- 


tion on the effeets of size of bar, the tvpe of deformations on the bars, and the streneth of 


conerete on the bond 


The bars were cast in ¢ 


horizontal position in all test specimens 


The variables were de pth of concrete under the bar, length of embedment of the bar in the 


eone;re té 
loaded and free ends. Three tests were made 


15 in. of conerete under the bar, and with &- 


strength of concrete, and diameter of bar 


Slip of the bar was measured at the 


each with 2 in of conerete uncle r the bar, with 


2-, and 16-in. embedments 


jond strengths for the beams and the pull-out specimens were affected similarly by 


changes in the geometry of the bars and the bond test specimens 


the bars were near the 


The highest bond strengths were obtained 


bottom than when they 


They were greater when 


were near the top of the specimens as cast 


with bars having deformations conforming to 


suggested requirements for maximum spacing and minimum height and providing ratios of 


shearing to bearing areas less than 10, usually 


I. Introduction 


The tests reported in this paper were made at 
the National 
search Fellowship for the Committee on Rein- 


Bureau of Standards under a Re- 


foreed Conerete Research of the American lron 


and Steel Institute. This Committee consists of 
a representative from each of the principal pro- 
aucers of concrete reinforcing bars 

The primary purpose of the tests was to deter- 
mine the bond value of concrete reinforcing bars 
when tested in beam specimens in accordance 
with the “Proposed test procedure to determine 
relative bond value of reinforcing bars” of Com- 
mittee 208, Bond Stress, of the American Con- 
rete” Institute Additional objectives were to 
etermine the correlation between the results of 
he beam and the pull-out tests made at the same 
identical conditions, to secure 


me and under 


nformation as to the influence of size of bar 
nd strength of concrete on bond, and to test the 
xperimental designs of deformations by member 


mpanies in their efforts to produce bars having 


I h Associa he N nal Bureau of Standards, representing the 
I & Steel! tute 
posed test pr ir jeter relat bond value of reinforein 
JA ( Ins il Feb. 194 


ond of Concrete Reinforcing Bars 


less than 6, 


bond resistance approaching the maximum con- 


sistent with economical commercial production 


II. Materials 
1. Reinforcing Bars 


The bars in this series of tests were nominally 


in. round, 7, in. round, and 1'< in. square in size. 
The areas of the bars and details of the deforma- 
All *.-in. bars, except 
and one 's-in. bar (No. 15 


Bar No 


11 except for the height of deformations 


tions are given in table 1. 
bar No. 16, 
trated in figure 1] 
bar No 


The bars nominally 1 


are illus- 


16 was the same as 


, in. in size, with two excep- 
tions described below, were round in cross section 


with areas equal to 1', in. square bars. Bars 


Nos. 2 and 18 were square in cross section and of 
a type similar to the ‘in. round bar No. 2 
With the exception of the plain bar (No. 9), all 
bars were deformed and were similar in type to 
those included in a series of tests previously re- 
had improved deformations 


ported, but some 


The plain bar and one unimproved deformed bar 


(No. 2) of a type heretofore in general use were 
A. P. Clark ¢ ! ve tn {Tic 
t t IK NBs 37 a] 46) nl 
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included inh these tests lor the purpose of com par- 


ison 
Passe | EY ’ / 
: , 
B 
kK 
: . 
\ 
‘ \ 
" ¥ % 
" . . 
% . x 
5 ” 
, % . ' 
' nt " 
” } ; 
is 
‘ ‘ 
‘ re % t 
' ~ - 
’ . 
. , . 1s ’ 
118 % 
P % " 
° 
X . % 
. i 
wt 
; ‘ } ; 
; ' i 
‘ ; s 
wu * | 
‘ ' . an ‘ 
" i" ’ ) 
r % ‘ ' 
; % s s 
' . { * 
¥ ms r , 
j =) AN { 


2. Concrete 


Concrete was machine mixed and rodded when 
One brand of cement, from 
ASTM 


cement of 


placed in the molds 
the same mill, which met the current 


Standard Specification for portland 


was used throughout 


tvpe 


Coarse avvrecuate Was Potomac River crave 


ranging in size from No. 4 to lin. The fine ag- 
River sand deseribed in the 


three concretes of different IDIXNes, which are here- 


vrevgate Was Potomac 


previous footnote 4 were 


SeCTiCs St i 


after referred to as 6,000-, 3,500-, and 2,000-lb 
concretes. The first) conerete proportioned — by 
weight in the ratio 1:1.4:2.0 with water-cement 
ratio of 5.15 gal per sa k gave an average com- 


pressive strength for 6- by 12-in. evlinders at 28 
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days of 6,030 Ib/in’ and an average slump of 5. 


inh. The second eoncrete proportioned 1:2.91:4.04 


with 8.7 gal of water per sack averaged 3,57( 


Ib in 
proportioned 1:3.97:5.15 with 11.77 gal of wat 


with a slump of 4.8 in. The third concret 


per sack averaged 1,840 Ib/in’ with a slump o 


£5 1m. 





III. Description of Test Specimens 


Beam specimens were 8 by IS in. in cross se 


tion and 78 in. in over-all length. Two notches 


6 in. long and 3 in. high near each end expose 
the reinforcing bar. Half of the specimens wer 
cast with the bar held 2 im. from the bottom of 
the mold and the other half with the bar held 2 
in. from the top. The molds were of steel an 
fabricated in accordance with the details given i 
the report of the ACT Committee 208 (see footnot: 


) 


Pull-out specimens were 8 by 9 in. in cross se 


tion and 8, 12, and 16 in. in length. Two speci 
mens were cast with the bars in a horizontal posi 
tion, ina mold 18 in. in depth with one bar held 
near the bottom and one near the top comparabli 
to the positions in the beams. At the end of 2 
days, the block was removed from the mold and 
separated into two specimens. The molds wer 
made of heavy steel sections and sealed to prevent 
leakage. 


IV. Testing Procedure 


The beams were tested in a 600,000-Ib capacity 
hvdraulie testing machine on supports 72 > u 
apart, the supports being a roller at one end am 


A beam 


in position for test with gages attached is show 


a spherical bearing unit at the other end 


in figure 2. The load was applied through a ste 


loading beam with a roller at one load poimt and 
a spherical bearing unit at the other load point 
The load points were adjusted at 8, 12 and 16 
from the supports. The distances of the loa 
points from the supports thus corresponded to t! 


mr 
Phe lo: 


points in each case were di rectly over the out 


three lengths of embedment of the bar 


edges of the 6-in. notehes, which exposed the ba x 
In these notches two vokes were clamped in 
drilled contact potnts on 5-in. centers on each st 
of the bar. Dial gages attached to the yokes p ” 
mitted measurement of the strain in the b ; 


The gage on the reaction side of the notch | 


0 


ona steel angle clip attached with a serew to | 
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onerete at the edge of the notch; this gage meas- 
wed the slip of the bar directly under the load 
loaded end slip Dial gages at each end of the 
beam, held in position by steel yokes, clamped to 
the conerete, measured the slip at the end (free 
end slip of the bar Deflection at the center of 
the beam was measured by a dial gage supported 
by an aluminum bar, whose ends were attached to 
the sides of the beam over the supports; this gage 


bore on an angle clip attached with a screw to the 


concrete. The specimens that were cast with the 


bar held 2. i 


from the top were turned upside 

The beams were removed from 
the mold 5 days after casting and kept moist until 
tested at the age of 28 to 30 days 

Pull-out specimens were tested in a 60,000-Ib 
eapacity. universal hydraulic testing machine 
The specimen, shown in figure 3, was seated on 
a rubber cushion on two segments of a 2-in. base 
plate attached to a spherical bearing block. Slip 
of the bar was measured with 0.0001-in. microm- 
eter dial gages and estimated to 0.00005 in. At 
the loaded end two dial gages were held by a steel 
bar attached to the bottom face of the specimen 
by bolts secured into inserts cast in the specimen 
The 


fastened to the reintoreme bar 1 om below the 


gages were in contact with a steel voke 
surface of the concrete The support bar for the 
vages and the voke were free to move in the recess 
the base plate The average of the two vace 
adings indicated the amount of movement of 
the pomnt on the reinforeme beat ut which the voke 
vas attached with reference to the lower face of 
he conerete To give the slip at the face of the 
onerete slip at loaded end . the rave readings 
vere corrected for the clongation of the retntoremeg 
arin the l-in. distance between the point of at- 
ichment of the voke and the face of the concrete 
The slip at the free end was read direetly from 
he gage mounted on a support, seated in plastet 
n the top of the specimen with the point of the 
al resting on the planed end of the bar 
With the 7,-in. bars, IS beam and 1S pull-out 
sts were made for each tvpe of bar, three each 
ith the bar in the bottom and top positions and 
th S-, 12-, and 16-in. embedments. With '.-in 
nd J'-in. bars, 12 tests each were made, three 
ih in the bettom and top positions and with 
and 12-in. embedments for the 's-in. and with 


and 16-in. embedments for the 1'\-in. bat 
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V. Results and Discussions 


Joams generally failed in bond, although with 
the longer embedments diagonal tension failure 
combined with bond failure occurred with some 
specimens. The pull-out) specimens failed by 
splitting of the conerete in all cases except with 
the plain bar 

The relation of bond stress to slip of bar as 
shown by the curves and the comparative charts 
is based in all cases, unless otherwise shown, on 
the average results for all tests and all lengths of 
embedment of the bar and for 3,500-lb concrete 

The bond-slip relation of ‘-in. bars in beams, 
as measured at the loaded and free ends and for 
bottom and top cast bars, is shown in figures 
$5, 6, and 7 The deflection at the center of 
beams with bottom cast bars for increasing loads 
for each of the three embedments of the bar is 
shown in figures 8, 9, and 10.) Tywpieal crack 
patterns after failure of the beam are shown in 
figures 1} and 12.) The bond-slip relation of 7.-in 
bars in pull-outs, for loaded and free ends and for 
bottom and top cast bars, is shown in figures 
13, 14, 15, and 16 

Authorities considering the allowable unit 
stresses for bond to be permitted in design have 
used, by applying a suitable factor of safety, the 
average of bond stresses developed In tests ata 
slip of O.O1 in. at the loaded end and 0.005 in 
at the free end Figure 17 represents the bond 
stresses at loaded end slip of O.O1 in. and. free 
end slip of 0.005 in. and the average of two as 
determined by beam and pull-out tests of ‘-in 
bottom and top cast bars 

The average performance of a bar through a 
range of slip values was used to obtain a cotlnpart- 
son of bond developed 1h beam specimens with 
that in pull-out specimens cast at the same time 
The bond stresses for slips of 0.0005, 0.001, 0.002 
0.003. 0.004. 0.005. 0.0075. and O.OL im. at the 
londed end were totaled for each and divided by 
the number of slip values to give an average 
value. Slips of 0.00005, 0.0001, 0.0005, and 0.001 
in. were used in a similar manner for free end 
COMparison The results for loaded end and fre 
end slips, on the basis outlined above for all 7,-in 
bars tested in both beam and pull-out specimens, 
shown in figure 18, indicated that the pull-out 
tests fairly represent the relative bonding  effi- 
ciency of the bars In table 2 the average values 
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as above, at the loaded end for each embedment 
of the bar as developed in pull-outs is listed and 
in table 3 the same information as developed in 
beams. Figure 19 gives a comparison of all bars 
in the series as tested in pull-outs for slips at the 
loaded end. Although the results for loaded and 
free end slips of top cast bars and free end slips 
of bottom cast bars were not as consistent as the 
results for loaded end slips of bottom cast: bars, 
the load-slip relations were of similar form and 
show a consistent pattern for all tests in’ both 


ty pes of specimens 


Fante 2 lveraqe bond str of p ouls for slips of 
O.0005. 0.001. 0.00 O00 OO” O005, O00F5, and O01 
; if fhe ded end 
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Pasir 3 lrerage bond stress in beams for slips of O10 ' 
O00T, OD02, OD038, O004, O.0085, O0075 and OO!1 
at the loaded end [ 
I 
Kh r } 
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The bond-slip relation of the ‘y-in. and 1'-u pu 
bars in pull-outs for loaded and free ends an = 
bottom and top cast bars is shown in figures 20 t Al 
27. The 's-in. bars were round, whereas the 1'.-i1 spe 
bars were round in section with areas equal to that one 
of a ly in. square, except) bar No. 2. which w sm 
a I’, in. square rel; 
Results of tests of *s-,%\-, and 1'y-in bars of typ: for 
No. 6 are shown by the bond slip curves of figures ain 
28, 29, 30, and 31 for loaded and free ends, botton ay 
and top cast and beam and pull-out specimens = 


Pull-out tests of 's- and 1'\-in. bars of type No r 
6 in three concrete strengths are shown by 
curves of figures 32, 33, 34. and 35 

The Committee on Reinforced Concrete RB 
search of the American [ron and Steel Instit 
after a study of the results of the first series of bo 
tests (see footnote 3 sponsored the “Tentat 
specification for minimum requirements for 
deformations of deformed steel bars for cone: 
reinforcement’? ASTM Designation ASO5 
“Data from the present series of tests indica 


two desirable revisions of the above Tenta 
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pecifications; one changing the maximum average 
pacing of the deformations to seven-tenths of the 
iominal size of the bar, and the other changing 
height of 
wreent of the nominal size for ®-in 


he minimum deformations to 4! 
bars and to 
“The Tenta- 


including the revisions, has 


> percent for bars *% in. and larger. 

ve Specification, 
iow been adopted as a standard ASTM desig 
nation A805—-49.”’ 

The following bars met the requirements of 
ASTM.) =A305-49: *-in. bars 5, 6, 8, 10,0 11, 
and 14; 's-in 14, and 15; 
S. 14. 15, and 16 


bars 8S, 11, l’.-in. bars 


VI. Summary 


Bond tests were conducted on both beam and 
pull-out specimens in which the bars were cast ina 
horizontal position. The provided 
three lengths of embedment and two different 


Slip of the bar 


specimens 


at pths of concrete under the bars 
was measured at both the loaded and the free end 

The results of the tests with both types of 
specimens Were as consistent as expected for bond 
tests The least consistent data were those per- 
taining to the slips at the free ends of the bars and 
for the bars cast in the top position 

The correlation between the results of the beam 
and the pull-out tests was such as to indicate that 
pull-out tests can give reliable estimates of the 
bonding efficiency of deformed reinforcing bars 
Although the data obtained from the two types of 
specimens did not always rate the bars in the same 
order, the differences in ratings were usually too 
small to be of practical significance; moreover, the 
relations between load and slip were of similar 
form and the general behavior of the bars was 
similar in the two types of tests. The plain bar 
vave the least bond; the old type of deformed 
rave a somewhat higher bond and the rest 


bars gave still higher values, with those 
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meeting ASTM Specification AS05-49) showing 
the highest bond 

The ratings of the bars were based upon the 
average performances for a range of slips at both 
the loaded and free ends, for either two or three 
lengths of embedment and with 2 or 15 in. of 
conerete beneath the bar as cast. The deforma- 
tions of the bars that had the highest values of 
bond had bearing areas equal to or greater than 
the bearing area provided under ASTM A305 49 
limitations of maximum spacing, minimum height 
and length of deformations, and the ratio of the 
shearing areas to bearing areas were less than 10, 
These results confirmed the previous observation 
that for good bond a maximum ratio of the shear- 
ing to bearing areas of 5 or 6 ts desirable provided 
requirements of A3805-49 are met 

The bond strengths obtained with bars con- 
forming to the proposed speciiications were much 
greater than those developed by bars in common 
use at the time Committee 31S on Standard 
Building Codes of the American Concrete Insti- 
ture determined the allowable bond stresses of the 
building code requirements for reinforced con- 
crete The superior performance of the bars of 
improved types was most marked when the con- 
ditions were least favorable for obtaining a strong 
bond, that is, with the bars in top position in the 


beams as cast 


Albert E. Holbrook, Research Associate, was in 
charge of much of the laboratory procedure and 
the reduction of the very extensive data developed 
Timothy Miles, 4h 
assistant, carried out the laboratory work with 


in these tests laboratory 


ingenuity and care. Acknowledgement is made 
and appreciation expressed for the willing coopera- 
tion and very helpful advice and assistance of the 


Bureau staff 
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At loaded end slip of 0 n., free end slip of 0.005 in., and average of the two for bottom and top bars in beams and pull-outs. 
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Analysis of the Direct-Current Bolometer Bridge 
By David M. Kerns 


The behavior of a direct-current Wheatstone bridge with a nonlinear element (bolometer) 


in one arm, as used in the measurement of microwave power, is analyzed. 


Results of rather 


general applicability are obtained by ascribing arbitrary values to the resistances making 


up the bridge-network and by employing a resistance law of a general form for the bolometer 


element. 


Emphasis is placed upon the development of first-order theory in convenient form, 


General characteristics of the behavior of the type of network (and nonlinear element) 


under consideration are indicated. 


Results obtained include expression for the derivatives 


of galvanometer current with respect to radio-frequency power, ambient temperature, sources 


voltage, and source-resistance. 
I. Introduction 


Bolometers, consisting, for example, of bead 
thermistors or of fine platinum Ww ires, have received 
wide use as microwave power measuring elements. 
In this application a bolometer is mounted in a 
wave-guide structure whose function is to enable 
the bolometer to absorb radio-frequency power 
from a source whose output is to be measured. 
The bolometer is also connected into a direct- 
current (or low-frequency alternating-current) 
network whose functions are to detect or measure 
changes in bolometer resistance and to supply 
bias power to the bolometer. Thus in this arrange- 
ment the total electrical power dissipated in the 
bolometer consists of bias power plus any radio- 
frequency power that may be present. An essen- 
tial property of the bolometer is, of course, that 
its resistance, through the dependence of the 
resistance upon temperature, is determined in a 
given environment by the total electrical power 
dissipated in the bolometer. Thus radio-frequency 
power may be measured in terms of the change of 
resistance produced by the application of the 
power to be measured, or it may be measured by 
the change in bias power required to keep the 
resistance constant. These principles have been 
employed in 
arrangements; ! 
not needed for the purpose of this paper. 


various, more or less elaborate, 


technical details, however, are 


1 See, for example, Technique of microwave measurements 11, chapter 3 
MIT Radiation Laboratory series (McGraw-Hill Book Co., New York, 
N. Y., 1947). 
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This paper is concerned with the analysis of 
the behavior of what is probably the simplest 
bolometer circuit-arrangement that is useful in 
power measurements by the methods outlined. 
This arrangement is the Wheatstone-bridge net- 
work shown in figure 1. The analysis of this 
network, however, is general: arbitrary values are 
ascribed to the resistances making up the network, 
and a resistance law of a general form is employed 
for the bolometer. Previously published analyti- 
cal work on networks of the type considered (see 
footnote 1) is less general and in some respects 
less complete than that given here. 

The point of view of this discussion, and the 
particular results derived, are perhaps especially 
appropriate in the planning and the analysis of 
precise experiments or measurements. Neverthe- 
less, the treatment at the same time provides a 
basis for an understanding of some of the general 
characteristics of the behavior of the type of 
bolometer-bridge arrangement considered. 

Although Wheatstone-bridge calculations can 
become tedious, it is found possible to put the 
calculations in a relatively convenient form and 
to obtain results in forms suited to numerical 
calculation. The notation and the methods used 
can be applied to the investigation of features of 
more specialized interest than those considered 
here. (A few identities that have been found of 
value in such investigations are given in the 


appendix.) 
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Figure 1. Network and notation. 


II. Expressions for the Currents 


The first task is to obtain convenient expressions 
for the currents in a Wheatstone-bridge network 
in which a bolometer of resistance r constitutes one 
arm. The bolometer is a nonlinear element; r is 
its direct-current resistance, defined by the equa- 
tion e=ri, where 7 is the bolometer current, and ¢ is 
the voltage across the bolometer terminals. In 
obtaining these first formulas, however, the value 
of r is assumed to be given, so that the nonlinear 
behavior of the bolometer does not at first come 
into consideration. 

The network and the notation are illustrated 
in figure 1. #,,A,,R, are the respective resistances 
of three arms of the bridge, R, is the resistance of 
the galvanometer branch, RA, is the resistance of 
the battery branch, and £ is the battery voltage. 
Instead of employing these quantities directly as 
parameters of the network, it is of some con- 
venience in numerical calculation and in the 
algebraic work to employ another set defined as 
follows. The bolometer resistance r, for which 
the bridge is balanced is given by 


rit. RRs. (1) 


It is convenient to introduce ry as an explicit 
parameter and to express R,,R,,R; in terms of rp 
and two ratios A,u by means of the equations 


R,=pro, Ro=Xuro, Rs = Mo. (2) 


Clearly these equations are such that (1) is auto- 
matically satisfied. The quantities Ry, R, will 
also be expressed in terms of ry by letting 


R»y bry, 


Re=ar. 


"2 
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where 6, g are dimensionless parameters. The six 
quantities ry, 4, wu, 6, g, & will be regarded as the 
basic parameters of the network. 

The system of equations for the mesh currents 
in,i,t (Which are illustrated in fig. 1) may be 
written 

bk ry (6+ 44 hu) ip duly di, 
0 Aula + (gt+utuaryi—gi, (4) 
0 his gi, + (g +- , r/ro)i. 
The determinant of this system is 
b+ A+ Au Au XN 
D Au g+utur g . (5) 
nN q gt+A+r/ro 
Let M,,M,,M denote respectively the cofactors 
of the first, the second, and the third elements in 


the first row of (5). One may then write for the 
mesh currents and the galvanometer current 


ip = M,E! (roD) =[((1 +) gut (r/ro +) 
(g+utur)] E/ (rol), (6) 


= ME) (7D) = (9+ gut wdr+ wr/ro) ME] (roD), (7) 
i= ME) (r.D) = (g+ gut urt w)rE/(roD), (8 
le i ¥ (1 r ro) Ault (ro). 9 


When r= ry 
the cofactors just defined are evidently related by 


that is, when the bridge is balanced 


M=(M, (Mp).d/(1+A), (10) 


so that 


ip)odA/(1+A), (11) 


lo (dy )o 


where, by inspection of the network, 


, ; I+p]' 
(7 (£6 /To 5-4 ° (12 
B)o Ein) [ a ite l 


(The subseript zero will be used generally to 
denote quantities evaluated for r=ry.) 

It is advantageous to write the determinant JL) 
in the form 


D P+ /"o, (15 


where p and q do not depend upon r. By com 
paring (12) and (6) it is easily found that 
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Dy (g+gu+ut+pur)(b+bA\+A+-Ay). (14) 
To evaluate D for general values of r, both p 
and q must be known. The quantity q is the 
coefficient of r/rp in the expansion of the determi- 
nant (5): 

q (b+rA+ Au (g+ mut pA) (Au)?. (15) 
{n expression for p is perhaps most easily obtained 
by noting that J)>=p+q and calculating p= D,)—q. 
The result is 
ur)(b t 


P=(97 947 bvA+- Aw) gb. (16) 


This expression may be verified, if desired, by 
expanding the determinant (5) with r=0, since 
D evaluated for r 

By Thévenin’s theorem, the network into which 
the bolometer is connected may be represented by 


0 is precisely p. 


a suitable voltage /’ and resistance R’ in series. 
These quantities may be evaluated in a convenient 


form by using (13) and (8) to write 


EM/q - 
rep/q-a-r 


” 


But 7 is to be given by £’/(R’ +r); hence 


Ek’ =EM/q, R’ =rop/q. (17) 
Since \MJ,p.q, are independent of r, the quantities 
ik’ .R’ are also independent of r, as indeed they 
must be 

The expression (9) for galvanometer current 
may now be put in a useful form, which shows 
explicitly the dependence upon r, viz, 


. ToT 
tg I >” ’ (18) 
’'+r 


As the 


final preliminary formula, the solution of this 


where J is an abbreviation for LAyu/(rq). 
ast equation for r is recorded: 


(19) 


III. Introduction of a General Bolometer 
Law 


The currents calculated in the preceding section 
ire those that are obtained when the bolometer 


as the resistance r. To approach the essential 
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problem of determining the bolometer resistance 
actually assumed under various operating con- 
ditions, some expression for the law of resistance 
of the bolometer must be introduced. It is both 
convenient and informative to employ a resistance 


law of a general form, 

r=r(T,P), (20) 
where r is the direct-current resistance of the 
bolometer, 7 is the ambient temperature, and P 
is the electrical power dissipated in the bolometer. 
This electrical power is considered to be the sum 


of two terms, 
P=P,.+P,,, (21) 


where P,. and P,, are respectively the direct- 
current power and the radio-frequency power dis- 
sipated in the bolometer. Equations 20 and 21 
contain the assumption that direct-current power 
and radio-frequency power have precisely equiva- 
lent effects on the bolometer resistance. Thermal 
lag prevents the bolometer resistance from follow- 
ing rapid changes of either ambient temperature 
or electrical power; the law (20) is therefore to be 
understood as giving equilibrium values of r. It 
may be noted that, in particular, the respective 
bead-thermistor and 


law Ss used for 


platinum-wire bolometers can be written in the 


resistance 


form (20). 

The behavior of a bolometer in the neighborhood 
of a given operating point (7,P) is characterized 
by two partial derivatives evaluated at that point. 
The basic equation is simply 


or = or . oe 
dr (57),@T+ (sp)_aP. (22) 
If r is held constant, the resistance law r=r(7,P) 
defines a relationship between 7 and P. From 


the rule for the differentiation of implicit functions 
or, indeed, directly from the differential equation 


22), one may write 


oP o or 99 
(37), —(37), (sp), =e 


Any two of the derivatives in this equation deter- 
mine the third. In practice it is sometimes con- 
venient to make use of this fact, determining 
(Or/OT)p by measuring the other two derivatives 


rather than by measuring it directly. 
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Upon introducing the notation 


or » oP l 
(%),-n(2R)--+ es 

OP)» oT’, c 

the identity (23) may be written 

or 7 , 
7m , (23°) 
(57 ). c ’ 
and the expression (22) for dr becomes (22’) 


dr y(dT/e+dP). 


The important parameter y, which is the rate of 
change of bolometer resistance with respect to 
electrical power at a given ambient temperature, 
is the “ohms-per-watt” coefficient characteristic 
of the bolometer. The differential coefficient 
(OP/OT),, as suggested by the notation chosen for 
it, is in many cases a constant to a good approxi- 
mation. But it should be remembered that both 
y and ¢ are, in general, functions of J and P. 

The resistance law (20) may be written in the 
form 


P=/P(T, r), (25) 


which represents (20) solved for P. For r=ro, 
P,,=0, and any fixed value of 7, the bolometer 
current is %, where 


ru=P(T, ro), (26) 


since P=P4.=roig. The current % is also given by 


where /£’, R’, as defined in section IT, represent 
the bridge into which the bolometer is connected. 
By eliminating 7% between the last two equations, 
one obtains 


OY (Ee +91) = VP(T, ro) /To. (27 


The process of balancing the bridge consists of 
adjusting the bridge-parameters involved so that 
(27) is in fact satisfied. The left-hand side of (27) 
may be written in a form that exhibits the param- 
eters involved: 
E’/(R’4 To) (AE) [ry (6 + br +X + Apu) ]- - 

In many cases \ and x, as well as ro, are preferably 
not varied; in these cases, 6 or E (or both) may be 
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adjusted to obtain bridge-balance. The bolometer 
current 7 obtained when the bridge is balanced 
(with P,,=0) is often called the bias current. 
The fundamental equations applying to the so- 
called balanced-bridge method of measuring radio- 
frequency power are very easily obtained. If the 
bridge is balanced with radio-frequency power 
present, the corresponding bolometer current sat- 
isfies 
ro’ = P(T, ro) — P+. (28 


On the other hand, (26) holds when the bridge is 
balanced with no radio-frequency power present. 
Equations 26 and 28 combined yield the equation 


P,,=r(B—#), (29 


for the determination of P,, in terms of rp and 
measured values of 7 and %. Granted the assump- 
tion of the form of the bolometer law itself, there 
remain two basic assumptions involved in (29). 
These are discussed briefly in the following two 
paragraphs. 

Equation 29 involves the assumption that 7) and 
i are measured under conditions of thermal equilib- 
rium at the same ambient temperature 7. If % 
is measured at temperature 7 and 7 at temper- 
ature 7'+dT, eq 29 is replaced by the approxi- 
mate equation 


oP 
oT 
lo \ 2 7°) d T C. 


P,.=19(22 i?) +( ) a7) 


(30 


This equation is correct to the first order, provided 
that the somewhat unrealistic condition of therma! 
equilibrium at each of the two temperatures 7 
and T+dT is fulfilled. 

The value of ro, as a parameter of the bridge, 
can be made very precise. But the use of r=7 
in 29 implies that the bridge is exactly balanced 
when the two currents are measured. The unce! 
tainty in obtaining r=rp is determined largely by 
the useful sensitivity of the bridge with respe 
to unbalance. It is convenient to estimate th 
corresponding contribution to the uncertainty 1 
P,, directly (rather than by first finding the un 
certainty in r) by means of an equation of tl 
form 
oP,, 


> 
dt rf Vig 


dig, (3 


Journal of Researc! 








3] 





vith dig placed equal to the smallest detectable 
‘hange in galvanometer current. The quantity 
di-/OP,,), which is frequently called the ‘rf 
sensitivity,”” can be calculated by means of for- 
mulas to be derived later. 

In the so-called unbalanced-bridge, or deflection 
method of measuring radio-frequency power, no 
adjustment of the initially balanced bridge is 
made when the radio-frequency power is applied, 
and the resulting value of galvanometer current 
is taken as a measure of the power. In this method 
the nonlinearity of the relationship of P,, to ig is 
naturally of some concern. For this reason an 
extension of 31 to include the quadratic term in ig 
is given (section V). 

In the treatment of nonlinear circuit elements, 
the nonlinear element is often described by a law 
written in the form 


r f(a). (32) 


Such a relationship—or rather a family of such 
relationships, with P,;,=constant, 7=constant as 
parameters—is indeed defined by the bolometer 
resistance law in the form already adopted. 

If an element having the e-i characteristic (32) 
is connected to a source consisting of a voltage E’ 
and a resistance #’ in series, the resulting current 
must simultaneously satisfy the two equations 


é -f (i), 


) 

i 

(33) 
e= kh’ —iR’.| 


In other words, 7 must satisfy the equation 
{(i)=E’—iR’. 


Let ag R’ receive increments dk’, dR’, respec- 
tively. Then the corresponding differential of 7 is 
given by 
dk’ —idR’ ’ 

R’+r,”’ (34) 
where r,, denoting the derivative of f with respect 
to 7, is the variational resistance (for slow varia- 
tions) of the element. Thus with respect to small 
hanges in 2’ and R’, the nonlinear element be- 
iaves like an ohmic element of resistance 7,. 

An expression for r, may be derived from the 
esistance law in the original form (20). The 
quation 
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e—ir(T, Py+ei)=0, (35) 


which is obtained from (20) by substituting 
r=e/i and P4.=e: in that equation, may be re- 
garded as an identity in e or ¢ for fixed values of 7 
and P,,, and thereby defines e=/f(7). The varia- 
tional resistance is obtained from (35) as the 
derivative of an implicit function: 


i ee 
oi le ur’ \ TI rpt ei] r iey 


— By’ 

dg ein (T, Port ell ’ 
where y=(0r/O0P), as previously defined. In a 
slightly modified form 


si l ey 


= (36 
1—t"¥ 6) 


This identity will be used to obtain an alternative 
form of one of the expressions to be derived in 
the next section. 


IV. First-Order Theory 


Since, so far as the bolometer is concerned, the 
bridge is completely represented by the equivalent 
Ek’, R’, the effects upon the bolometer of changes 
in any of the basic parameters characterizing the 
bridge in detail may be evaluated in terms of 
corresponding changes in £’ and R’. Accordingly, 
in setting up the basic equation for a complete 
first-order theory, the quantities E’, R’, r, 7, Pry 
are selected as variables. 

Equation 22’ may be written 


dr y(d T. c +-dP,, + dP ..), 
where dP is separated into its parts dP,,, dP 4. 


Since P,, is given in terms of E’, R’, r by Pa= 
rie’”?/(R’ +r), the differential of P,, is given by 


Ip 2E’rdE’ | FE”? (R’—r)dp 2ErdR’ 
wee (RTE) (Rr (R’+r)° 
which may be more conveniently written as 


dPy.=ni'dr+2P,-(dE'—idR’)/E’, 


where, in addition to the obvious relation i= 
i’ /(R’ +r), the notation 


_R’-r 
” RR’ A 
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has been used. If this expression for dP,, is sub- 
stituted into the above expression for dr, one 
obtains upon solving for dr, 


dr=ydT/e+dP,,4+-2P,(dE’—idR’)/E"|, (37) 


where 


Ve : ° (38) 


Equation 37 serves as the basic equation for the 
first-order theory. 

The role of the factor y, in (37) is significant. 
If &’.R’,T are held constant, equation 37 states 
that dr vyadP,;. Thus Ve might be denoted by 
(or OP,s)e and is an_ effective ohms-per-watt 
coefficient, which depends not only upon the char- 
acteristics of the bolometer but also upon the 
network into which the bolometer is connected. 
y-, as a multipler in (37), includes the effect of the 
change in Py, concomitant to a change in any 
one of the variables 7.P,,,2',R’. 


» (which appears in the denominator of the expres- 


The quantity 


sion (38) for y,) is in fact of the form of a reflection 
coefficient and is a measure of the mismatch 
between the equivalent source and its load. 
Under certain conditions very large values for 
ye can be obtained. By inspection of the de- 
nominator of (38) it is apparent that |y,|— if 


| 1 R’+r 
/ in ;2 Rk’ 


Comparing this expression with the relation 
(36), it is evident that this condition is equivalent 
to r,>— R’, as indeed might be expected. This 
fact is also apparent in another form for the 
expression for _o which is obtained by using 
(36) to eliminate y from (38). The result is 


R’+rir—r 
1 OP, 7.4+R" st 
Thus when r, is negative (as it is for a bead ther- 
mistor under typical operating conditions), arbi- 
trarily large values of y, can in principle be ob- 
Unfortunately this 
fact is of somewhat limited usefulness in power 


tained by making R’—>—r, 


measurement, because, as is evident from (37), 
the sensitivity of r to changes in all the other 
variables increases when the sensitivity to radio- 
frequency power the desired sensitivity is in- 


creased ° 
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So far, this discussion has dealt essentially wit 
changes produced in r, The sensitivity of th 
galvanometer current (which, rather than +, i 
the observed quantity) to changes in radio-fre 
quency power, temperature, source-voltage (/ 
and source-resistance (Rp) will now be calculated 
These sensitivities are perhaps most naturall 
denoted as partial derivatives, but neither thy 
partial nor the total derivative notation is ade 
quate to express their precise meanings. Th: 
selected independent variable, the dependent 
variables, and the quantities held constant must 
be noted in each case. 

a. RF power se nsitivity, S.,. Consider first th 


sensitivity of galvanometer current to changes of 


radio-frequency power, with the temperatur 
and all network parameters (including /) being 
held constant. Under these conditions the first 
order change dig in galvanometer current corr 
sponding to a change dr in bolometer resistance 
is given by 
; 2) ro—r "0 
dig=> (J )dr=-1 ,dr, (40 
~ @& R’+r 
where the expression (18) for ig is used, From 
(37) one finds 


dr=y7AP,,, 


since 7.F’,R’ are here constants. Hence, letting 
S,,=0/,/0P,,, one has the result 


R’ +r, 


Me (RT Er) 


(4) 
The definitior 
of the temperature sensitivity differs from that 
for S,, only in that 7 instead of P,, is taken as th 


bh. Temperature sensitivity, Sr. 


independent variable. Henee, from (37), 
dr=yAT/c. 


Combining this with (40), and using the notatio 
Sr=0i,/0T, the result may be written 


S7=S8,,/c. t. 


c. Sensitivity to source-voltage, Sg. The sen 
tivity of galvanometer current to changes in sour 
voltage is calculated by considering F as t! 
independent variable, all other circuit paramete! 
as wellas T and P,,, being held constant. In t! 
case (40) must be replaced by the more gen 
expression 
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in 
(ul 
up 


de 





te : R’ +r, 


dig ,dE—I] Ir, (40°) 


,¢ 
(R’ +r)? 
in which the additional term appears because 
(unless the bridge is initially balanced) ig depends 
upon F directly, as well as indirectly through the 
dependence of 7 on E. From (37), 


dr=27.Padk’/E’. 


Since the network parameters are not varied, 
dE’ /E’ is equal to dE:/E. It follows that 


Wie tc yeP acd (R’ 1-7.) 


os OF E E(R’ +r)? 


where Ne 1s the desired sensitivity. 

d. Ne nsitivity to source-resistance, Sp. The sen- 
sitivity of galvanometer current to changes in 
source-resistance is obtained by considering 6 as 
the independent variable, all other network para- 
meters, as well as 7 and P,,, being held constant. 
Krom the expression (18) for 7, it is apparent that 
the expression corresponding to (40), if written 
out, would have three terms, since g,R’, and 17 
depend upon 6. Moreover dr is given by 


dr=2y-P4(dk’ —idR’ 


wherein dE’ and dR’ are determined by the de- 
pendence of £’ and R’ upor b. (The dependence 
of FE’ and R’ upon 6 is given explicitly by eq 15, 
16, and 17. Although the calculations implied 
by these remarks can be carried out in fairly 
compact form, the result may be obtained by the 
following simpler method. If /# and R, are both 
varied, then dig is given by 


digc=SgdlE-+ SadRap, 


where S, denotes the sensitivity to be calculated. 
Now the bridge as a whole may be considered as 
a nonlinear element connected to the source con- 
sisting of / and Ry, in series, and the principle 
expressed by (34) may be applied to this circuit 


dk ind Ry 


di 
. Rx ; FF’ (iz 


In this expression /, is battery-branch current (as 
defined in section II), and F’(,) represents the 
variational resistance of the bridge as a whole. 
Suppose that / and Ry, are varied in such a way 
that di,=0; this requires di,—0, which in turn 
requires that di =i,dR,. Hence, from the above 
xpression for di 
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O=(Sgin+Sp)dRp. 


and the desired result is given by the simple 
relation * 
Se — lpr. (44) 


The expressions for the sensitivities calculated 
above simplify somewhat when evaluated for 
r=f, it may be observed that 


‘ 


2P 4. 


(S,yo (Sp) o- 


Also, by (44 
kK 


QipP ac 


(S,p)o (Sg)o- 
These equations suggest a method of evaluating 
(Syrjo by means of direct-current measurements. 


V. A Second-Order Calculation 


Taking the resistance law in the form (25), 
separating P into its components P,,,P4,, and re- 


placing Pa. by F’r/(R’'+r)*, one obtains 


P,,=P(T rr) —E“r/(R’ +r)’. $5) 


PF.» becomes a function of lg 


through the depend- 
ence of r upon jg, as given by eq 19, 


(19) 


Equation 45, with the implied elimination of r by 
means of (19), represents an analytical expression 
for P,,< ig), i. e 


bolometer bridge as used in the unbalanced 


for the calibration curve of the 


bridge method of measuring radio-frequency 
power. For some purposes a power-series expan- 
sion of P,,(/¢) is useful. 

Elimination of ¢ from the last term of (45) 


Pt E - (r, — R’ — R’( e ) | (46) 


Thus P,, is given in general and without approxi- 


vields 


mation as a quadratic in ¢¢. Let it be assumed 
that P(7.r) can be expanded in the series 


P( Tyr) =P(T re) +P Tyre) (P—») +4 Py Tr) (P— 


ry ’ 

l I ild ha t bla 1, with asl t ga t y, by 
ying a indard network tl r generally known as the compensa 
heor rhe argume avoids any quest the apy il \ 

! t Ac it iT 








. ' 

convergent for |r—re|<p, say, where P,P... . 

denote the successive derivatives of P(7.r) with 
ry’ ° 7 

respect to r. The expression for r—rp can be 


expanded in the series 


r—r R +n) “+(‘?)- t) tp 


which converges for {ig<J. (The algebraically 


largest and smallest values of ig are J and 

(R’/ro)T, corresponding respectively to ro 
and r=0. Thus only if R’ Sr, does the series for 
r—r, converge for all physically possible values 


of ig.) 


P(T,r), ordering according to powers of ig, and 


Substituting this series into the series for 


dropping powers of ig higher than the second, 
one finds 


P(T,r) 


P(T,7r.) —P,\(T,ro) (R’ +1) 7+ 


E P,( Tr.) (R’ +19)? + Pi (Tro) (R’ 4 G7 y+. 


Here ig is understood to be restricted so that the 
T are both satisfied 
Equations 46 and 47 together yield the expansion 
of (45): 





conditions |r—ro|< p and |i,!- 


P,,=P(T,ro) —rot 


[Py Tr) (R’ +15) + 2 (ro>—R’)] 7+ 
[Ps Tyro)(B’ +10) +-P(Tro)(R’ +10)4 a’ |(‘7) + — 


If, as is assumed, P,,=0 when ig=0, then the 
constant term vanishes. Further, the coefficient 
of tg is necessarily equal to (S,,)~' (to verify, note 
that P,(7,r)=1/y, and with (41)). 
Hence the final second-order expression may be 


compare 
written 


Peg (Sry)o Met 


l on — . a1 , pe ie 
E P,(T rp) (R’ +1)? +P (Tr) (R’ +1) +-2R |( 1): 
(48) 

VI. Appendix 
In this appendix are derived several identities that are 


useful in various extensions of the calculations of the text. 
These identities involve primarily the quantities M,p,q 
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derived from the determinant D, and the determinant 
itself. All of the quantities involved (except one as note: 
are as defined in section II of the text. The relationshi; 
to be obtained hold for arbitrary values of the quantitic 
r,ro,\,4,0,g appearing in the expression (5) for D. Thes 
quantities here may be, and are, considered as independer Fr 
variables. 

The calculations are conveniently based upon a theorer 
on determinants * that states that if D is any determina: 
and S is the second minor obtained from it by striking ou an 
its 7** and k*® rows and its j*® and /*» columns, and if A 
denotes the cofactor of the element that stands in the 
row and the jt® column of D, then 


] )ititkt+t DS, th 


applied to the determinant (5) wit! 
3, yields 


This theorem, 
i=j= 1, k=l 


Mz, M 
g+mutpr) D. 
va 


Now @ 
OD/ob. 


w+wr is equal to Og/0b, and Mz is equal to 
Hence the above equation may be written 


) ti 
ol p74 


an=q Ob” db “ 


This identity is a key to the establishment of others of 
more immediate physical significance. Thus, the deriva 
tive of the equivalent resistance R’ with respect to battery 
branch resistance Rx is 


D oD .d 

= | 4, “3p q ) ( 7 Ob D ob) v 

Therefore, by (49), 
3) M\2 . 

ao (5) ( q - \ov 
R’—r)/(R'+r) (intr 


duced in connection with eq 37) with respect to t! 


The derivative of the quantity 9 


parameter } is easily obtained: 


On On OR’ _— 2rv (= ); 
Ob OR’ Ob ~ (R’ r)? q ° 


upon noting that q(R’+7 ro(p+qr/te) =roD, one has 
On r M\* 
2 ) ( ) , (51) 
Ob ro D . 
There are corresponding expressions for the derivati\ 
of R’ and qw with respect to galvanometer resista! 


These are readily obtained by making use of the fact t! 
the interchanges 


a >h Xr *u, 


ba, Mb >r, 
————— ee 
3M, Bocher, Introduction to higher algebra, p. 33 (Macmillan Co., > 


York, N. Y., 1907), 
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eave the quantities p and q unchanged. That is, if (* 
lenotes the quantity as transformed by the set of inter- 
hanges, then 

* 


q q, p*=p. 


From this property and from eq 50 and 51, it follows that 
Oo /p re) Pp r V72)* 
Og ( q ) E ( ( )] tes q : 


* (M2) * 
(05)= (a3) =2(5) “a 


and that 


These two results are put into final form by making use of 
the relation MM*=)yDp, 
explicit formulas for M and Dp. 


which is evident from the 
One obtains 


Bolometer-Bridge Analysis 


O/p AuD,\? ne 
doe )=( Mg ) : ‘aime 


r\ (\uDo\? ” 
ag? (5) Cir) (53 


Equations 51 and 53 simplify to some extent when, in 
particular, r=rp. In some cases one might wish to make 


use of the fact that .W/d is a factor of Do. 


The author is grateful to Harold Lyons, Chief of the 


Microwave Standards Section, National Bureau of 
Standards, for encouragement in the preparation of this 


paper. 


WasHINGTON, October 6, 1948. 
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A Method and Apparatus for Determining the Ignition 
Characteristics of Plastics 


By Nicholas P. Setchkin 


4 method for the determination of the ignition temperatures of plastics is described. It is suitable for the deter 


mination of flash-, as well as self- or autogenous-ignition temperatures. 


which the specimen yields combustible gases ignitible by a flame. 


ature of supplied air, under optimum conditions of 


decomposition products, begins and is self-accelerated to the state of combustion. 


The flash temperature is that temperature at 


The self-ignition temperature is the lowest temper- 


flow, at which a reaction of the specimen, or of its 


The described method generally 


results in lower and more consistently reproducible values of the self-ignition temperature than those reported by 


several other investigators. 


Twenty-seven different specimens of plastics, covering a wide range in characteristics, were tested by the method 


described. 
I. Introduction 


An apparatus and method for determining the 
ignition characteristics and behavior of plastics 
under well-controlled conditions have been de- 
eloped at this Bureau from a consideration of the 
fundamental principles of ignition. Twenty-seven 
specimens of plastics with a wide range of physi- 
eal properties and ignition characteristics were 
tested in order to determine the validity of the 
method and the adaptability of the apparatus. 

It is doubtful 
proposed for measuring the ignition temperatures 


whether methods heretofore 
f plastics actually indicate the lowest ignition 
temperatures. Stokes and Weber [1] ' measured 
the ignitability of plastics by bringing the speci- 
men into contact with a heated porcelain rod just 
removed from a furnace, or with a molten lead 
bath heated in a furnace to the required tempera- 
ture. The estimated temperature of the por- 
elain rod or of the lead, at which the specimen 
instantly” ignited, was accepted by them as the 
Delmonte and Azam [2] 
ater substituted molten sodium hydroxide for the 
ead bath 


it which a plastic specimen ignited instantly, 


gnition temperature. 
In their tests, the bath temperature 


” within 10 sec, when in contact with the bath 
was considered as the ignition temperature of the 


material. More recently, Schoenborn and Weaver 


Figures in brackets indicate the literature references at the end of thi 
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[3] used a method in which the specimen was 
placed in a furnace heated to a temperature 
definitely above the ignition temperature of the 
material. The ignition temperature was defined 
by the estimated surface temperature of the speci- 
men at the instant of the ignition and was called 
by them the “apparent ignition temperature.” 
The estimate of this temperature was made by 
analytical extrapolation of temperatures measured 
within the specimen, to vield those at the surface 
at the moment of ignition. 

In this method, observation of the temperatures 
and the extrapolation from them to the actual 
locus of ignition did not give consistent and _ re- 
producible results for a given material [4]. 

Gale, Stewart, and others [5, 6] used an elec- 
trically heated coil around the plastic specimen and 
observed the time lag required for gases developed 
from the specimen to be ignited by spark plugs 
A so-called ignition temperature, (which in reality 
is the “flash temperature,’ as defined in section 
Il) was determined by them from a “conversion 
curve.’ This curve was developed by measuring 
with a thermocouple the temperature at the edge 
of the specimen and observing the time lag for 
ignition. This time lag was composed of two 
superimposed periods; one of which was the time 
required to heat the coil, and the other was the 
time required to heat the specimen and to produce 
sufficient combustible gases to be ignited by the 
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spark plug. These superimposed lags are related 
to two entirely different phenomena, therefore the 
range of the ignition temperature, which indicates 
the accuracy of their determination (shown in 
table 3 of [6)), varied for a given plastic from 55° 
to 175° C, with an average of 127° C. 

Most of the results obtained by these and 
similar methods differ materially in their numer- 
ical values, as well as in their consistency and 
reproducibility, because they were obtained under 
entirely different and noncomparable conditions 
that were unsuited for the determination of the 
lowest ignition temperatures. The main purpose 
of the studies at this Bureau was to develop a 
sound relation between the ignition phenomena 
and controllable conditions of test; and on this 
basis to determine the lowest values of the ignition 
temperatures and any other characteristics that 
may affect the fire hazards and therefore safety 


regulations. 


II. Theoretical Considerations 


Several years ago a constant-air-temperature 
method for measuring the ignition temperatures 
of solids, based upon the principles of ignition 
stated below, was developed at this Bureau. In 
this method, successive specimens of the material 
were heated in air at different constant tempera- 
tures until one of them ignited. The same method 
was found applicable for plastics with a wide 
range of thermophysical characteristics. 

The following definitions of ignition character- 
istics of materials were employed in the develop- 
ment of the test method. The “flash temperature” 
is the initial temperature of the air passing around 
the specimen, at which a sufficient amount of 
combustible gas is developed to be ignited by an 
external heat source such as a flame, spark, or 
hot surface. The “self-ignition temperature’’ is 
the initial air temperature, at which, in the 
absence of an ignition source, ignition occurs of 
itself, as indicated by an explosion, flame, or 
sustained glow. 

It is well known that the ignition of most com- 
bustible materials, excepting those such as cellu- 
lose nitrate that contain oxygen in an active form, 
can be initiated only in the presence of sufficient 
amounts of oxygen. Before ignition occurs, oxy- 
gen must participate in an oxidation reaction with 
the solid or liquid material, with the vapor, or 
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with gases evolved at elevated temperatures fron 
the decomposition of the material. In order t 
promote this reaction, the products of oxidation 
must be removed continuously and fresh portion 
of oxygen supplied. Actual ignition, as indicate: 
by a flame, may result either from the accelerate: 
exothermic reaction of vaporized or gaseous com 
ponents of the material with oxygen, or throug! 
the self-heating within the solid or liquid materia! 
which eventually leads to sustained glow of som« 
of the nongaseous components or of the carbonized 
residue. 

On the above basis, ignition can be defined as 
a self-perpetuating exothermic reaction that is 
initiated at the temperature of incipient oxida- 
tion, and that increases the temperature of the 
reactants above the initial air temperature unti! 
an explosion, flame, or sustained glow occurs 
Because of the temperature differences existing 
within the reacting masses and between them and 
the surrounding walls, a certain part of the gen- 
erated heat is dissipated to masses at lower tem- 
peratures. Also, some heat is carried away by 
the passing air and by the products of oxidation. 
The rate of the oxidation reaction, as well as the 
rate of its acceleration to self-ignition, is depend- 
ent upon the rate of heat dissipation. This 
will be evident from the following discussion 
of the time-temperature curves drawn in figure | 
for different initial temperatures. 

If an incombustible material be subjected to 
heating at the constant-air-temperature, to, the 
temperature of the material will eventually be 
practically equal to that of the surrounding air, 
e. g. after the time lag /). This lag depends upon 
the mass, heat conductivity, and specific heat of 
the material and upon the initial temperatur: 
difference between the air and the material. At 
relatively low air temperatures, a similar behavior 
will be observed with conbustible materials 
However, at a higher air temperature ¢,, which is 
higher than the observed temperature of incipient 
oxidation t,, the material begins to exidize wit! 
the generation of heat, and beyond the point 
the temperature of the material increases mo 
rapidly than it would in the normal process 
heating without oxidation. The temperature 
the material continues to increase and eventual! 
exceeds the air temperature, t;. The rate 
temperature increase depends upon the differe: 
between the rates of heat generation and of li 
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Figure 1. Theoretical time-temperature curves for heating 


and ignition of materials. 


Curves Ao, Ai, Ax, and As for nonignition reaction at air temperatures 
fo, ti, 2, and fs; curves 74, fg, and F's for self-ignition reaction at air tempera- 


tures f4, fs, and fe; curves Ao, C;, and Cy for heating of noncombustible mater- 


jals at air temperatures fo, f;, and fs. 
dissipation. The rate of heat generation depends 
mainly upon the temperatures of the specimen 
and of the air, the supply of air, the concentration 
of oxygen in the reacting gases, and the chemical 
and physical characteristics of the material. The 
rate of heat dissipation depends in part upon the 
temperature difference between the reacting mass 
and their surroundings, and in part upon the rate 
of flow of the air. An insufficient air flow leads 
to contamination of the air by the products of 
This 
condition hinders oxidation and lowers or stops 
On the other 
hand, an excessive air flow carries away a large 


oxidation and depletes the oxygen supply. 
entirely the exothermic reaction. 
amount of the generated heat and thus lessens or 
interrupts the exothermic reaction. The opti- 
mum rate of air flow, at which a relatively favor- 


able rate of reaction is reached, must be estab- 
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lished experimentally for each type of material. 
The temperature of the material usually continues 
to rise until the rate of heat generation equals the 
rate of heat dissipation, e. g. at a point correspond- 
ing to the maximum temperature ¢t’;, indicated by a 
thermocouple 7h, (fig. 2) in or on the specimen. 
This process is often accompanied by the evolution 
of vapor gas, which at this particular stage may 
not be ignitible, either by itself or by an igniter, 
because of its low rate of evolution and conse- 
quent dilution with air. 

At some other constant-air-temperature such as 
t., the material may self-heat by oxidation to a 
However, dur- 
ing self-heating, starting at an air temperature 


higher temperature such as ¢’». 


of t;, the concentration of evolved combustible 
gases may become favorable to 
their ignition by the pilot flame at a particu- 
lar temperature t,, which is often below the 
maximum temperature t’, of the previous case, 
where the ignition could not have occurred. The 
air temperature ft; in this case is called the flash 
temperature. In the absence of the 


or vapors 


ignition 
flame, self-heating may proceed to the corre- 
sponding maximum temperature ¢’; without self- 
ignition. Owing to these factors, regularly ob- 
served with many materials, the instantaneous 
temperature ¢, has no important significance, even 
if it could be determined accurately, because this 
temperature, as well as the rate of heat generation 
and the rate of gas development and dilution, 
depend mainly upon the initial temperature and 
velocity of the air passing around the specimen. 

In many cases, it was observed that the rate of 
the exothermic reaction was reduced beyond a 
temperature peak such as t’y by excessive con- 
tamination of the air with the decomposition 
products, by cooling caused by a high rate of air 
flow, by some endothermic reaction, or by reduc- 
With 


proper adjustment of air flow (which reduces the 


tion of the available reactive material 


rate of temperature rise near the point ¢’,), it is 
possible for the rate of oxidation to be accelerated 
again to the self-ignition of gases at a higher 
temperature, such as ¢,. This temperature, ¢,, 
like the temperature t,;, has no important signifi- 
cance in relation to the ignition characteristics, 
because it depends upon both the initial air tem- 
perature ¢, and the rate of air flow. Therefore, 
the temperature ¢ of the air, at which with the 
optimum air flow and in the absence of an igni- 
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tion source, ignition occurs is called the self- 
ignition temperature of the material. 

At higher initial air temperatures such as ¢; and 
t,, self-ignition occurs more readily, and the igni- 
tion lag rapidly diminishes to a fraction of a sec- 
ond with continued increase in the initial tempera- 
ture. The ignition lag for the lowest self-ignition 
temperature (f,) may vary from a few minutes to 
a few hours, depending upon the difference be- 
tween the rates of heat generation and heat dissi- 
pation, which is affected by the size of the speci- 
men, as well as by the thermo-chemical and physi- 
cal properties of the material 

The evidence of self-ignition is usually observed 
in the form of an explosion, flame, or sustained 
glow. In some plastic materials the ignition tem- 
peratures corresponding to the various types of 
behavior differ appreciably. The self-ignition ac- 
companied by explosion or flame usually occurs at 
comparatively high initial air temperatures; how- 
ever, slow decomposition and carbonization of 
some plastics leads to glow of the corners and 
edges at lower temperatures. Therefore, a sec- 
ondary term, “self-ignition by glow’, is proposed 
The self-sustained glow may in some cases, with 
proper air flow, lead to ignition of the combustible 
Uses 

The foregoing considerations indicate that 
“instant” ignition of the material in contact with 
a hot surface, as specified by some of the early 
methods, occurs at much higher temperatures 
than are observed with the constant-air-tempera- 
ture method. Therefore, as explained in section 
V. 5 this hot-surface ignition temperature does not 
represent the true fire hazard of the materials. 


III. Ignition Apparatus 


The apparatus for the determination of the 
ignition characteristics of plastics was developed 
on the basis of the fundamentals of ignition 
phenomena discussed above. In the construction 
of the apparatus, particular attention was given 
to the following major requirements: 

(a) The temperature of the air passing the 
specimen should be uniform and constant. (b) 
The air flow should be steady and controllable. 
c¢) The specimen should be in a stream of air of 
known temperature: be visible from the outside; 


and be easily removable 
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1. Construction of the Apparatus 
The ignition apparatus shown in figure 2 con 
sists of a vertical electrically heated furnace tub: 
with a 4-in. (10 em) bore, 8% in. (22 em) long 
made of refractory material such as a cerami 
that will withstand at least 1,000°C. The furnace: 
tube is heated by electric current passing throug] 


50 turns of No. 16 B&S gage nichrome wire in an 


asbestos sleeve wound around the tube and im 
bedded in alundum cement. The inner refactor) 
tube with a 3-in. (7.6-em) bore, 8% in. (22 em 
long, about ', in. (0.3 em) thick is placed insid 
of the furnace tube and rests on small blocks iy 
the bottom of the furnace. The space betwee 
the two tubes is used for circulation and heating 
of the air, admitted tangentially to the refractory 
tube through a copper tube. The preheated ai: 
enters the inner tube from below. The top of the 
latter tube is covered with a divided refractory 
disk with an opening for observation and for the 
passage of smoke and gases. If desired, a smal! 
gas flame can be lighted above the opening. Ar 
opening fitted width disk is provided at the bot- 
tom of the furnace for the removal of residur 
that accumulates during the tests. 
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Fiat RE 2 Ignition apparatus for solids 


Th thermocoupk on outer wall, 7h thermocouple in air 


Th thermocouple in or on the pecimen 
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2. Thermocouples 


The temperature of air rising in the inner tube 
is indicated by thermocouple Th, placed below the 
It is advisable to shield this thermo- 
couple against heat radiated from the specimen 
during intense oxidation reactions, especially if 
the thermocouple is near the specimen. 


specimen. 


However, 
since the temperature of the air supplied to the 
chamber remains substantially constant, any 
momentary increase of temperature shown by 
thermocouple Th, during intense oxidation reac- 
The temperature of the 


air in the inner tube is maintained constant by 


tions Is not important. 


current supplied through a variac connected in 
series with the heating coils. Adjustments of the 
current are preferably made by reference to the 
readings of thermocouple Th, behind the coils, 
rather than by reference to thermocouple Th, 
(below the specimen), which always has a some- 
what delayed response to current changes. 

A third thermocouple, Ths, is either attached to 
the surface or inserted within the lower part of the 
specimen. The rate of temperature rise in the 


specimen, indicated by this thermocouple is 
generally related to the rate of the oxidation 
The uf thermocouple 


Th; in the specimen is of minor importance because 


reaction. exact location 
of the uncertainty as to the locus of ignition, but 
since ignition is usually initiated at the surface of 
the lower part of the specimen, it is desirable to 
locate the thermocouple junction in this region. 


A small 


because of its sensitivity to small variations in 


bare thermocouple junction is used 


temperature. 


3. Size of Specimen 


The size of specimen is varied with type and 


availability of the material. The standard size 


usually specified for incombustibility tests [7] is 


I's in. (3.8 em) wide by 2 in. (5 em) long, by the 
thickness of specinen, which should not exceed 
1's in. (3.8 em). However, for determining the 


ignition characteristics of plastics, the preferred 
size of specimen is * in. (1.9 em) by * in. (1.9 em) 
by % in. (1.9 em) by about !5 in. (1.3 em) thick 
For materials made in thin plates, the specimen 
consists of a few plates with a total thickness of 
(1.3 em) tightly bound together by 


form of 


‘> in, 
For 
small pieces, chips, filings or powder, and for those 


about 


wire. materials submitted in the 
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that melt or bubble at temperatures below ignition, 
a wire screen basket or a porcelain crucible with 
a capacity of about 0.5 in.’ (8 ml) is used. Within 
these limits the ignition temperature is not appreci- 
ably affected by the size; however, the ignition 
time-lag varies perceptibly with the size. Small 
specimens of those materials that develop insignifi- 
cant amounts of combustible gases, yield less 
consistent results for the lowest ignition tempera- 
ture than do those of larger size. 


4. Suspension of Specimen 


The arrangement for holding the specimen is 
important, especially for materials whose physical 
state changes at temperatures below the ignition 
point. Materials that remain rigid during the 
test can be suspended on a wire; those which melt 
to a viscous mass and which bubble can be held 
in a wire-secreen basket; and those which melt to 
a liquid state, like methyl methacrylate, poly- 
and which foam like 
cellulose acetate, can be placed in a preheated 


styrene, others; or those 


porcelain crucible. Owing to a large gradient in 
the temperature of the air in the upper portion 
of the inner tube, the specimen should be placed 
in the region 4'5 to 6% in. (11 to 16 em) from the 
top, where the air temperature around the speci- 
men is uniform within +3 deg. C 


IV. Test Procedure 
1. Rising-Temperature Method 


In tests conducted in accordance with the rising- 
temperature method [7, 8], the specimen is placed 
in the apparatus at a comparatively low tempera- 
ture. In the method described in reference [8] 
the temperature of the apparatus is then raised 
at the rate of 500 deg C per hour until ignition 
occurs by itself, or by an igniter, or until 750° C 
is reached. If at this temperature ignition has 
not occurred, the material is considered incom- 
bustible. Some materials heated in this manner 
decompose or carbonize slowly without ignition 
of the material of the carbonized residue at tem- 
peratures higher than those obtained with the 
Therefore, this 


method is not always suitable for exact deter- 


constant-temperature method 
mination of the flash and self-ignition tempera- 


tures. However, it can be used to indicate the 


approximate ignition temperatures by the evi- 
dence of appreciable self-heating in the region of 
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the ignition temperature, even though actual 
ignition is not observed. More precise deter- 
minations of the flash and self-ignition tempera- 
tures can be made by the constant-temperature 
method deseribed below. 


2. Constant-Temperature Method 

When the temperature of the air passing through 
the inner tube with a selected rate of flow has be- 
come constant at a selected value, a specimen of 
the material to be subjected to test is placed in the 
middle of the inner tube together with a thermo- 
couple, Ths, either attached to the surface or in- 
serted within the specimen. The air temperature 
may fall slightly below the initial value, owing to 
the presence of the cold specimen, but within a few 
minutes it returns to the initial value. The uni- 
formity of the air temperature around the speci- 
men is quite sensitive to the velocity of air flow, 
especially when the size of the specimen is small. 
Fluctuations in temperature caused by excessive 
the air 
velocity around the specimen at about ft/min 
(5 m/min), particularly during the preliminary 


turbulence can be avoided by keepin 


ta 
5 
15 


tests. However, a favorable rate of air flow is 
usually fixed in accordance with the trend of the 
exothermic reaction. The rate is generally varied 
from 3 to 40 ft/min (1 to 13 m/min), depending 
upon the material tested. A close selection of the 
optimum rate of air flow can be made with a series 
of tests in the region of the lowest ignition tempera- 
ture, conducted with various constant rates of air 
flow. 


V. Test Results 
1. Test Materials 


To aid in the development of an ignition appara- 
tus and a suitable test method, 27 samples of 
plastics were employed. These plastics, with a 
wide range of physical and ignition characteristics, 
were divided into two basic groups: (a) thermo- 
plastic, and (b) thermosetting. Most of the latter 
group were reinforced with paper, asbestos, cot- 
ton, or glass fabric. A general description of 
these plastics is given in table 1. 


2. Ignition Characteristics of Thermoplastic 
Materials 


The basie ignition characteristics of some of 
these thermoplastics, including results of hot-plate 
tests, are given in table 2. The plasties of the 
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thermoplastic group, with the exception of poly 
tetrafluoroethylene, were transparent, and th 
appearance of small bubbles was observed at an 
early stage of decomposition at comparatively low 
temperatures. The appearance of bubbles and 
the swelling of the material increased rapidly with 
an increase in temperature, particularly with 
cellulose nitrate, which suddenly, without pre 
liminary self-heating, ignited with an explosion or 
burst of flame. The bubbling of cellulose acetate 
increased during the melting to produce a foam 
Methacrylate and polystyrene melted to thin 
liquids and boiled similarly to water, hence thes 
materials were held in a crucible. The first 
formed heavy foams of vinyl chloride-acetate 
yielded a hollow porous carbonized shell, inside of 
which the glow was usually initiated. This ma- 
terial was held in a wire-screen cup. 

Cellulose nitrate, a material containing active 
oxygen, can be ignited without air flow, and 
therefore its lowest self-ignition temperature varied 
considerably with the method of heating and the 
impurities present. Specimens of this plastic in 
the 's- by \- by %-in (1.3 by 1.9 by 1.9 em) size, 
heated for 6 hr under selected conditions with 
normal air flow, about 15 ft/min, as found favor- 
able in the preliminary tests of most of the plas- 
tics, were not ignited at an air temperature of 
140° C and during this time were self-heated to 
only 4° C above the air temperature. During a 
test with an air temperature of 141° C, the tem- 
perature of the specimen after 1 hr and 54 min 
reached only 150° C, when sudden decomposition 
and ignition occurred, as shown in figure 3. The 
ignition lag rapidly diminished with rise in the 
initial air temperature, as the two curves in figure 
4, drawn for different time scales, indicate. The 
lower curve represents the change in the ignition 
lag time for air temperatures from 141° to 220° C, 
and the upper curve, for air temperatures above 
220° C. With the air temperature at about 141! 
C, the ignition lag decreased at the rate of about 
12 min per increase of 1 deg C. On the othe: 
hand, at air temperatures above 250° C, the ign 
tion lag was shortened to a fraction of a minute 
The ignition lag curves for other plastics are show! 
in figure 5. In order to produce ignition withi 
10 sec, as specified in some methods, the air tem- 
perature had to be above 370° C, and a 1-see lag 
could be obtained only at air temperatures abo 
550° C. Therefore, an ignition temperature d 
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TABLE 1, Identification of plastics 


| Manufacturer or source — Name or descript 
rHERMOPLASTIC MATERIALS 
Celul Celanese Cory f America 8 Cellu i, transpar 
( N Monsanto Chemical ¢ 4 Clear, special optica uci 
Methyl has ‘ 
(a E. I. du Pont de Nemours & Co., In« \ HC-2W2 
t Rol & Haas ‘ Plexiglas 
Vir hlor 
" Bakelite Corp \ Clear, VS-1 
t -do ‘ Do. 
Polystyt Plax Corp Clear, Type M, comp molde 
! ‘ l E. I. du P le Ne rs & ¢ I 3% White plate 
rHERMOSETTING MATERIALS 
Pr 
Pay I 
4 Consolidated Water Power and Paper Co & ler ted M 7 — a 
Consolidated Water Power and Paper Co . 
: Bak pr lic re 
new lot \ 
Cot n Synthane (¢ I ( ude L, 48 peret Bake BV 
Ashe i do Gira AA, 47 percent Bakelite, BV 2427 re 
i S. Plywood Cor] ‘ 60K 
t lo s ‘ 
Melamine | 
Mineral-f el American C yanamid Cory v2 
Cott h la n i ‘ White plate 
Gla : i 
‘ Formica Insulation Co ‘ 128, FI 
' U. S. Plywood Corp ‘ Not available. 
Polys 
" Army Air I es, Wright Field % ECC-1 2 
t U.S. Plywood Corp * 414 
do & 4128. 
d . $128+5 percent At. 
i « 4 
& M R-21A,. 
Silicone grouy 
Glass-cloth silicor 
(a Formica Insulation Co & ESS-12-261, grade G-4, 
t U. 8. Plywood Corp é Not available 


Method for Ignition of Plastics 597 











TABLE 2. Iqnition characteristics of plastic 8 


Ienition temperature 


lve Self ignition 
Flash 


Glow | Flame 


THERMOPLASTIC 





Hot 
surface 


tan 

600 

“an 
rw be 
ww 75) 

“1 
me be 
yw 7) 
1 

60 
ne he 
w TM 


( ( { 
Cellulose nitra 141 l4l 
Celulose aceta 5 47 
Methyl! methacryla 
‘ 280) 1%) 
} wx) we 
Vinyl! chlorid eta 
i 320 7 7 
} oH) 13 
I 45 {Ss 
I wet ‘ 530 
REINFORCED THERMOSET 
Phe Hh 
Paper la ‘ 
" iM 10 4130 
t 11 “ti wi7 
( t ’ a» $2 
Ashe t i ial vw 
th lar 
a 71 
} 0 ~/ 
Vie ul 
M al-fille " 4 i 
‘ t t i j~) 
(ila | 
un) “4 
i7 2 
I r ip 
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General behavior 


ERIALS 


Bubbled, gas exploded 
Bubbled, melted, foamed, flamed 


Bubbled, melted, liquefied, boiled, flamed 


Flowed, foamed, carbonized, glowed, flamed 
Do 

Bubbled, melted, liquefied, boiled, flamed 

Melted, evaporated, bo 





rING MATERIALS 


Blistered, carbonized, glow, flame 
Do 
Do 


Blistered, carbonized, self-heated, flan 


Glow, flame 
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Figure 5. Ignition lag curves for plastics 
Curve A—methyl methacrylate (a); curve B—phenolic paper lar 
and ¢ vl chlor i ite 


A box of cellulose nitrate plastic triangles, sepa- 
rated by wrapping paper, was reported to have 
ignited after a l-hr exposure to the sun in south- 
ern Texas. Specimens of material from the same 
source, about * in.’ in volume, were subjected to 
tests in the ignition apparatus at the Bureau in a 
closed test tube without air circulation. During 
72 hr of heating, self-heating of the specimen was 
observed to be about 1 deg C at 106° CU, about 
5 deg C at 135° C, and the rise in temperature 
was only 6 deg C at 141° C after 6 hr of heating. 
However, at a temperature of 142° C, self-heating 
of about 6 deg C occurred during a 32-min period, 
when the specimen burst into flame. These tests 
indicate that the temperature of incipient oxida- 
tion was about 105° C, and the self-ignition tem- 
perature was approximately 142° C. Triangles 
from the same lot, separated and covered by the 
original wrapping paper, were self-ignited after 
3.5 hr of heating at a temperature of 135° C, the 
self-ignition temperature of the paper being about 
2a0° [\. 

Physical properties of the thermosetting ma- 
terials, observed at different temperatures prior 
to ignition, are shown in table 3. 
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TABLE 3. Physical characteristics of thermosetting materials prior to ignition air | 
duri 
Methyl] Methacrylate . 
sential tlie , 
Cellulose nitrate Cellulose acetate aa - " V ee Polystyrene pile ' 
(a) (b) ye wert 
to n 
Temperature, °C styr 
and 
Appearance of bubbles 105 130 1530 200 160 160 P 
Loss of transparency 120 130 220 250 190 200. 400 
State prior to ignition Soft Soft Liquid Liquid Spongy mass Viscous liquid. T 
- 7 ethy 
Rise in temperature, °C e 
beca 
Self-heating of material 10 40 15 20 Glow None. aval 
prior to ignition 
Self-heating of gases None None... Very high Very high Slight None. 60C 
above the molten 
material 
Apparent cause of self- Rapid decomposi- Self-flash of gases | Self-heating of Self-heating of Glow of carbon- | Self-flash of gases in 
ignition. tion from inflated gases above gases above ized materials. 2d state of decom — 
material. molten metal. molten material. position y 48 
. 
_ ~45C 
Y 446 
"Pe ° 2 4s 
The appearance of bubbles and loss of trans- before the wires became red hot. However, in = + 
parency of the plastics rapidly increased with the the nonignition zones the red hot wires did not “ 
temperature and duration of exposure; therefore, appear to stimulate ignition. Self-ignition of 3 
ieee : sgt K 310 
the extents of these changes observed within the cellulose nitrate, indicated by a mild audible 30x 
first hour have only relative significance. In explosion, usually occurred very suddenly, appar- on 
cellulose acetate the bubbles increased mainly in ently owing to rapid decomposition of the soft 
size, in contrast with other plastics in which they inflated material. Cellulose acetate was ignited 200 
increased greatly in number. The state prior to when gases from the inflated material escaped 
ignition varied with the type of plastic. Both through a local rupture into the hot air. If th 
cellulose nitrate and acetate plastics are soft just air temperature was not sufficiently high, these 
before ignition. However, near the ignition gases escaped without ignition and the deflated aia 
temperature, cellulose nitrate remains soft in- material began to melt. Methyl methacrylates action 
definitely, whereas cellulose acetate inflates, melts, (a) and (b) ignited because of an exothermic 
and evaporates. Methyl methacrylate  (fig.6) reaction of gases and hot air above the molten or 3. I 
and polystyrene melted below their ignition foamed material. For example, methyl metha- 
temperatures and remained in a liquid state for crylate (a) and (b) was ignited at air temperatures TI 
an appreciable time until entirely evaporated of 450° and 462° C, respectively, the liquid being "a 
‘ ane ae ve , ’ yee : . cn 
without iginition. Vinyl chloride-acetate formed at 460° and 472° C, and the foam and vapor jus! pret 
; a ee , : ° = . ea : roc 
a spongy semi-soft shell inside of which a glow of __ prior to ignition reached over 600° and 645° C, as <a 
“a : ah . . es 
carbonized material occurred. The self-heating measured by a thermocouple held just above the 
: , : ; a mn Sarr : . mate 
of all of these materials (with the exception of — liquid. The self-ignition of vinyl chloride-acetat: tom) 
vinyl chloride-acetate) prior to ignition varied was usually indicated, as stated before, by glow aoe 
from 10 to 40 deg C above the air temperature. of carbonized portions inside the spongy shell; od 
ve . ° ° ° . ane 
Vinyl chloride-acetate self-heated considerably, however, at higher air temperatures these glowing “ae 
Ne ° : ° . . ° - ° F ] ( 
owing apparently to oxidation and carbonization portions ignited gases developed in the incon fabr; 
, ; ° ‘ ° abr 
of the spongy mass. Very intense self-heating pletely carbonized mass. At an air temperatu | 
“ ‘ e . . ess 
was observed only in the vapor above molten below 340° C, polystyrene developed such if a 
methyl methacrylate plastics, in that the wires amount of incombustible gas during about th Siete 
holding the crucible became red hot. It is doubt- first 5 minutes that the pilot flame could not b S 
; , , racl 
ful whether there was a catalytic effect of these kept lighted. However, at the next stage « mer 
heated wires to produce self-ignition, which usually decomposition this effect disappeared, and t! er 
occurred at an early stage of the reaction and burning of the pilot flame became normal. At : ne | 
. ss 
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air temperature of 345° C gases that developed 
during the second stage could be ignited by the 
pilot flame after about 13 min, and at 488° C they 
were self-ignited after 5.5 min. It is interesting 
to note that the temperature of the liquid poly- 
styrene always was below the air temperature 
and when 
400° C. 
The ignition characteristics of polytetrafluoro- 


self-ignition occurred, it was only 


ethylene were determined only approximately, 
because of the limited size of the sample then 
available. 
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Ficure 6. 


Time-te mpe rature curves for me thyl 


metacrylate (a). 


Curves A to D for nonignition reaction, curves E to G for self-ignition re- 
action 


3. Ignition Characteristics of Reinforced Thermo- 
setting Materials 


The plastics of the thermosetting group usually 
changed their shape slightly because of a slow 
process of blistering and carbonization at tempera- 
When these 


materials were heated at or near the ignition 


tures below that of self-ignition. 


temperature for an appreciable time, the plastic 
resin evaporated or carbonized, but the asbestos 
and glass fabrics remained in layers. On the other 
hand, combustible fillers, such as paper or cotton 
fabrics, usually carbonized slowly into a more or 
less uniform mass with blisters on the surface. 
If, at comparatively high temperatures, then the 
rlow started at the edges and corners or in the 
racks. At still higher temperatures, the decom- 
osition proceeded faster and the gases were self- 
reaction with the 


gnited by the exothermic 


vassing air. 


Method for Ignition of Plastics 


The ignition characteristics of plastics of the 
phenolic laminate group varied considerably 
with the type of filler, as shown in the second 
part of table 2. The flash temperature varied 
from 300° to 540° C. 
if paper or cotton cloth fillers were present. 
in other phenolic materials was not sustained 
after removal of the specimen from the furnace, 
in spite of very intense self-heating, which some- 
times produced a temperature of 600° C. The 
lowest self-ignition temperature, characterized 
by a flickering flame, varied from 430° to 580° C., 
depending upon the type of the filler. The 
combustion of these fillers was usually slow and not 
sustained after removal of the specimen from the 


Glow was observed only 
Glow 


apparatus. 

The ignition characteristics of materials of the 
melamine group also varied with the type of filler, 
as shown in table 2. The rate of oxidation of 
mineral-filled melamine was found very sensitive 
to airflow and size of specimen, as shown on the 
curves F, G, and H in figure 7, particularly in 
the region of glow. The specimens of normal 
size did not reach the state of glow with the dif- 
ferent 
temperature curves corresponding to initial air 
temperature of 368° and 384° C. However, 
the specimens of double that size were found 


rates of air flow, marked on the time- 


glowing at 350°, 355° C, and higher temperatures, 
with practically the same variations in the air 
flow. The size of the cotton-cloth melamine 
laminate submitted for test was sufficient for 
the determination of the self-ignition temperature 
only. Therefore, data on flash and glow tempera- 
tures were not developed for this material. 
Glass-cloth melamine laminate (a) was the 
most heat-resistant of the plastics tested. In 
spite of the evolution of dense smoke, the oxida- 
tion reaction was so weak that up to a tempera- 
ture of 450° C the self-heating did not exceed 
15 deg C above the air temperature. In the 
region of 500° C, the temperature of the mass of 
100 deg C 


above the air temperature, and the color of the 


melamine laminate increased about 
mass became a dull red. Dense smoke, in which 
the odor of ammonia was predominant, usually 
disappeared in 4 min. The oxidation reaction in 
the gas evolved from the specimen at that time 
became so intense that the wires holding the 
specimen were heated to a bright red color, dis- 


tinctly visible against the darker specimen and 
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FiGurt 7 Time-temperature curves for mineral-filled 


melamine 


Curve LBC. D, FE. ¢ wnd 7i gn ert uw - 2 5 
ind A for self-ignition reactior } ires on curves—air velocities in feet 
I ute, cur IF, G,and Ila 7 luring adjustment of air flow 


mens, ng le ‘ specimens, double size 


furnace wall. The intensity of self-heating in 
the melamine increased with air temperatures up 
to 660° C, at which temperature a blue flame 
started to flicker over the darker surface of the 
specimen, The red color of the self-heated mass 
of material did not represent a state of sustained 
vlow, because when the specimen was moved into 
a cooler portion of the furnace or was removed 
from the furnace entirely, the mass cooled rapidly. 

The self-ignition temperature of this plastic is 
difficult to determine exactly because of the sev- 
eral different tvpes of ignition that were observed. 
With careful adjustment of an optimum air flow, 
an occasional blue or red flame was observed for 
tvpe (a) at an air temperature of 645° C, a flick- 
ering of blue flame was observed at 662° C, and 
The lowest self- 
The ignition 


a continued flaming at 673° C. 
ignition temperature was 645° C 
of gases by the pilot flame was obtained occa- 
sionally at 500° C and regularly at an air tem- 


perature of 544° ©. For glass cloth melamine 


602 


laminate (b), self-ignition was occasionally o 
served at 623° C and the flash temperature 
475° C, 

The ignition characteristics of the polyest 
The fla 


temperature varied from 346° to 394° C and t} 


plastics were substantially the same 


self-ignition temperature from 433° to 488° ( 
The self-ignition was characterized by mild 
explosion of gases developed from the material, 
or by an audible flash of gases without destructiy 
effect. The combustion of these materials varied 
quite appreciably: glass-cloth laminate type (d 
burned readily when removed from the apparatu 
whereas types (¢) and (g) burned well only 
the furnace and then for only a short time. TT! 
other materials of this class were slightly combu 
tible. It is interesting to note that the combus- 
tible gases developed from some of the polyester 
plastics were relatively therefor 
settled to the bottom of the furnace during the 


heavy, and 


early states of decomposition, particularly when 
the rate of air flow was very low.  Self-ignition 
usually took place below the specimen in the 
bottom of the furnace, and burning of these gases 
in the furnace continued even after the specimen 
had been carefully lifted out. 

Both types of glass-cloth silicone laminate had 
about the same ignition characteristics. Thes 
Appr : 


was observed at 540° ( 


withstood heating very well up to 450° C 
ciable self-heating (115° C 
Flammable gases were developed at a temperatul 
of 490° C for this plastic of type (b) and at 527° ( 
for type (a). Such high flash points for gases 
seemed to be caused by the development of a 
noncombustible gas during an early stage of th 
decomposition of the material. This gas extin 


= f 


guished the pilot flame during the first 5 min. o! 
the reaction. The self-ignition of the gases was 
irregular and was first observed at air tempera 
tures of about 564° C and then only after 5-mir 
lag, when the contamination of the combustib! 
gases had been sufficiently reduced. At an a 
temperature of about 600° C, self-ignition becar 
more regular, and the time lags varied from 2 


> 


3 min. During the next 3 min the plastic burn 


with long orange flames 
4. Reproducibility of Test Results 


The reproductivity of the ignition temperatu 
values of plastics as determined in the pres 
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ipparatus depends upon two major factors: one of the results depends mainly upon the accuracy 


s uniformity of chemical composition and physical of the test procedure and the interpretation of the 
state of the plastics from which the specimens are — observed evidence of ignition, i. ¢., upon the fol- 
taken; and the other is the sensitivity of the test lowing three factors: (1) The positioning of the 
method and the apparatus to the ignition charac- specimen in the region of uniform temperature in 
teristics of the material. The first factor was the furnace tube (middle position); (2) correct 
substantially constant for most of the plastic selection of the optimum air flow for the most 
materials when tested and for a long time sub- favorable rate of temperature rise in the reacting 
sequently. An exception was found in cellulose mass; and (3) careful bracketing of the tempera- 
litrate, which sometimes changes under the action tures that correspond to the types or stages of 
f sunlight and temperature. The ignition charac- ignition, such as: explosion, flash, flame, glow, 
teristics of some plastics, such as methyl metha- cold flame, or luminescence. 

rylate, vinyl chloride-acetate, and a few others The bracketing of the lowest ignition tempera- 
bearing the same names) varied with the manu- ture is usually made in the manner shown in 
facturer’s lot or with their purity. table 4, with five or more determinations within 

The sensitivity of the constant-temperature test the region of the boundary between ignition and 
method to the ignition properties characteristics nonignition zones in order to secure the desired 
of the material is high, owning to the fact that the temperature range, which is usually between 2 
temperature in the whole apparatus can be stabi- and 5 deg C. This range depends upon the re- 
lized in advance and kept substantially constant quired accuracy and the available time, since the 
during the test. The temperature and rate of air time lag in this region may vary from a few 
flow are under good control. The reproducibility minutes to a few hours. 

TABLE 4 Determination oJ the lowest self-iqnition te m perature 
Methyl methaervlate Vinvl chloride acetate Paper phene 
Mineral filler Gla ! 
mehamit po 1 
b) ve vist i 

len I Per Per I l I I 

era I lence ! I ler pera I j per I ct pera Evid pera } j ‘ pera Ev K pers I dence 

ture i ur ture ure 1 ture ture 

( 4 tf ( tf ¢ { ( 

5) =6F lash 17 F las! ‘SO)—Ss«éF ‘last 4“) | Flash 463 Flash i7 Flash 572 Flash ‘S58 = Flash 

510) Flame 47 Flan v4 «Flare 475 | Flame 442 «Filan iY 1 M5 Orange 470) = Flame 

flame 

47 | ted ti 141 1 4 i 467 Flan 2 Blue flam Att Fla 

‘ i " - i { 430 i #68 3 ©=Glow 4 j 452 DD 

mm d ttl N gi ‘3 0Cté«CGG- Low 482 00 «Glow 427) 0=6Glow 13 | 43 «Glow 3 Glow 

44s N 158 A) 42s i 42 418 lo 40S i s > 

5 d rl i $20 lo iA2 lo it i 7) j i 404 Ly 

140) ie 77 i i 44 io 350 i 400) ay 

40 lo 75) No.) igt 53 | No. igni- 07 No. igni 42 No igni 460 No igni 98 No igni 

I tion tior n lor or 
4) i 03 i s i 44 | #2 i) 
wil 1) | 208 | " j 12 1 + 1) 

In table 4 only typical results are given, and with cellulose nitrate and acetate, methyl meth- 
nany practically identical results observed during acrylate, and other thermoplastic materials) the 
he tests are omitted. In some cases a non- results are closely reproducible. For example, a 
gnition state was observed 1 or 2 deg. C above sample of methyl methacrylate plastic of type (a 
he lowest self-ignition temperature, owing to was tested in October 1946 and retested in March 
ecidental variation of test conditions. When and December 1947; the results were 450°, 451 
he evidence of the ignition is clearly defined (as and 450° CC. In contrast, methyl methacrylate 
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of another shipment, type (b) had an ignition 
temperature of 462° C. Yellowish vinyl chloride- 
acetate, type (b) was tested first in October 1946 
and retested in February 1948, with the same 
value, 435° C, which differed from the value 
(557° C) for the clear type (a). 

In those cases where the evidence is not clearly 
defined owing to a gradual change of intensity 
and color of the flame from a steady orange to a 
flickering blue, or to the appearance of flame at 
the end of the glowing period, the reproducibility 
of results depends upon the type of observed 
evidence. For example, the flash of the paper 
phenolic laminate was observed at 467° C after 
a 4-min lag; another specimen of the same sample 
glowed at 467° C, and a weak flickering flame 
appeared only after 16-min lag. This difference 
was caused by sudden exposure of a noncarbonized 
portion of the specimen to hot air through the 
opening of a crack or the separation of layers of 
the specimen. However, the change between 
glow and nonglow states was defined more clearly 
at 344° ¢ 

The determination of the ignition state was 


‘.a value reproduced at other times, 


more difficult with glass-cloth melamine laminate. 
In the absence of glow, the intensity of ignition 
gradually diminished from a bright flash at 673° C 
to a blue flame at 662° C, which did not appear at 
all at 650° C 
in two of five specimens at 645° C, but in none of 
the five at 630° C. No explanation of this un- 
certainty of behavior is offered, but it could be 
caused by the presence of ammonia gas, which 
might have interfered with the ignition. 

The reproducibility of the test results depends 


However, the flame was observed 


upon careful technique and accuracy of observa- 
tion, as much as upon the apparatus and the 
principles involved. 


5. Ignition by Hot Surface 


Early determinations of the ignition tempera- 
ture of plastics were often made by contact with 
hot surfaces. Basically, in the hot-surface meth- 
ods, the surface is only a medium for the trans- 
mission of heat to the specimen, because the hot 
surface does not participate in the oxidation that 
usually causes ignition. The essential element in 
the ignition is the oxygen of the air, the tempera- 
ture of which is usually considerably below that 
of the hot surface, particularly if the latter is not 


within a uniformly heated furnace. Moreover, in 
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most cases, the ignition of plastics occurs becaus 
of intense oxidation of the gaseous component 
This pre 


cess requires a time lag, which varies from hour 


evolved during the process of heating. 


to fractions of a second, depending upon the ambi 
ent air temperature. The air-temperature gradi 
ent from a vertical hot surface exposed to th 
atmosphere, as our experiments showed, varie 
considerably with the distance from the surfac 
The temperature drop in the first '{-in. (3-mm) 
zone is from 150° to 200° C when the temperature 
of the hot surface is 600° C. 
in agreement with Kennard Work [9]. 
tible gaseous products from plastics, turbulent], 


These results ar 
Combus 


moving along the surface within the zone, usually 
have only a few seconds in which the oxidation 
reaction may be accelerated to cause ignition 
Therefore, for this limited time lag the average 
air temperature within the \-in. (3-mm) zone 
must be much higher to cause ignition than in a 
uniformly heated furnace with an unrestricted 
time lag. 
surface occurs only at higher temperatures than 
are required for ignition in uniformly heated ai: 

The hot-surface apparatus used in these studies 
consisted of a \-in. (0.6-em) steel plate, heated by 


coiled resistance wire imbedded in the grooves of 


a refractory plate attached to the back of the 
steel plate. All sides of the assembly, except the 
front, were heavily insulated by asbestos wool 
mixed with vermiculite. The temperature of th 
exposed front vertical surface of the “hot plate 
was indicated by a thermocouple junction imbed 
ded in the plate. The specimen was usually held 
in contact with the vertical hot surface about 5 
min, or until ignition took place, which might 
occur during the first 1 or 2 min. The tempera 
tures of the hot plate at which different plastics 
were ignited are given in the fifth column of 
table 2. With the exception of cellulose nitrat: 
and cotton-fabric phenolic laminate, most plastic 

ignited only at plate temperatures of 600° C o 
higher. Three thermosetting plastics, althoug! 
ignited by other methods as shown in table 2, div 
not ignite with the maximum hot surface tempera 
ture of 750° C. 

These results show that the “hot-surface-conta 
method” is not as suitable for indicating the lowes 
temperature of ignition, 1. e. the fire-hazard of 
material, as is the constant-air-temperatu 
method. 
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Hence, ignition by contact with a hot. 
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VI. Summary 


A new method and apparatus were developed 
from consideration of the principles of ignition, as 
explained in section II. The ignition character- 
istics and thermal behavior of materials were 
determined in this apparatus under well-con- 
trolled conditions. 

Operation of this apparatus by the constant-air- 
temperature method is simple at temperatures up 
to 800°C. The air temperature around the speci- 
men, in spite of the readily sustained constant 
temperature of the wall, is very sensitive to the 
velocity of air flow and to the heat radiated from 
the specimen during the exothermic reaction. 
The first factor can be controlled with an approxi- 
mately optimum air flow, adjusted for a favorable 
rate of ignition as indicated by the rate of temper- 
ature rise. The second factor has no appreciable 
effect on the results if other temperatures in the 
apparatus remain constant. The effect of the 
second factor can be minimized, if necessary, 
either by shielding the thermocouple (Th,) that 
indicates the temperature of air approaching the 
specimen, or by shifting it farther away from the 
specimen. 

The lowest values of the temperatures defined as 
“flash” and “self-ignition’’ were selected to indicate 
the fire hazards of the plastics. The flash temper- 
atures for most of the plastics listed in tables 1 and 
2, are in the range from 280° to 525° C, with the 
exception of cellulose nitrate, which flashes at 
141° C. The self-ignition temperatures for 17 of 
the 27 specimens tested lie in the range from 430° 
to 500° C. 
at 141° C, whereas specimens of glass-cloth mela- 
mine laminate ignited at 623° and 645°C. The 
values of these temperatures were found to be 
reproducible to within 1 or 2 deg C. 

The effect of heat on the physical state of various 
plastics is illustrated in figures 8, 9, and 10. Of 
particular interest is the ability of a material to 
retain its transparency and resist discoloration 


Cellulose nitrate, however, self-ignites 


and carbonization. The transparency of most of 
the plastics in the thermoplastic group, as shown 
in figures 9 and 10, disappears in the range of 130° 


to 250°C, although cellulose nitrate loses its 
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transparency at 105°C. For the reinforced ther- 
mosetting plastics, discoloration and carbonization 
depend not only upon the temperature, but also 
upon the duration of heating. 

The specimens shown in figures 8, 9, and 10 
were chosen at random and do not necessarily 
represent uniform steps in the process of degrada- 
tion. The temperature and time data have only 
relative and incidental significance. The exam- 
ples in figure 10 show that the most heat-resistant 
plastics were those consisting of glass-cloth with 
silicone, melamine, or polyester resins. These 
withstood heating to 300° C for approximately 1 
hr without appreciable discoloration. The ther- 
moplastic group, with the exception of methyl 
methacrylate (6), did not withstand even 200° (¢ 
without considerable bubbling or melting. 

The new method for the determination of igni- 
tion characteristics of materials is the first major 
step in evaluating the ignition properties of a 
material in terms of the temperature and con- 
trolable condition that may be as important as 
for other physical properties such as density, 


‘ 


conductivity, ete. 
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